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ABSTRACT 
 
JEFFREY EARL GRAY: Decoding Mechanisms of Loss of Fertilization Ability of 
Cryopreserved Mouse Sperm 
(Under the direction of Dr. Terry Magnuson) 
 
 Cryopreservation of mouse sperm is an important technology for management of 
biomedical research resources. Dramatic progress has been made recently in the development 
of protocols that combat mouse-strain specific reduction of IVF after cryopreservation. Equal 
emphasis, however, has not been placed on investigating the biological mechanisms 
underlying these improvements to IVF. This dissertation broadly investigates the basic 
question of how mouse-strain specific reduction of IVF occurs after cryopreservation, and 
how recently developed protocols prevent this process. My research investigated the effects 
of antioxidants, the cholesterol-acceptor CD, reduced calcium media, and TYH capacitation 
media on sperm function and oxidative stress after cryopreservation in a variety of mouse 
strains. I found that reduced IVF was associated with loss of capacitation-dependent sperm 
function in three strains, B6/J, B6/N, and 129X1, and CD improved sperm function and IVF 
in all three strains. These findings suggest that cryopreservation inhibits cholesterol efflux 
resulting in reduced IVF of many mouse strains. I also found that cryopreservation induces 
uniquely high production of mitochondrial H2O2 by B6/J sperm. H2O2 present in other 
cellular compartments of B6/J sperm was not elevated compared to other strains. High levels 
of mitochondrial H2O2 were associated with lipid peroxidation of the sperm head and 
inability to acrosome react. Antioxidants reduced mitochondrial H2O2 production, decreased 
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sperm head lipid peroxidation, and improved acrosome reaction. The cryopreservation-
induced increase in mitochondrial H2O2 production of B6/J and B6129XF1 sperm was 
associated with elevation of intracellular calcium after cryopreservation and dependent on 
mitochondrial metabolic substrates. Reducing intracellular calcium levels or removing 
mitochondrial metabolic substrates decreased mitochondrial H2O2 production and increased 
IVF rates of cryopreserved B6/J sperm. Many of the strains I tested exhibited increased H2O2 
production after cryopreservation, but cryopreservation-induced H2O2 only interfered with 
IVF of B6/J sperm. This dissertation describes two means to improve IVF of cryopreserved 
sperm, mitigation of oxidative stress in B6/J sperm and improvement of capacitation-
dependent sperm function for several mouse strains.    
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CHAPTER 1: INTRODUCTION 
 
 
Importance of Sperm Cryopreservation for Archive of Genetically Modified Mouse 
Models 
 The mouse has become the primary model organism utilized by biomedical 
researchers due to the wealth of tools available for genetic manipulation and interpretation of 
genomic and phenotypic data. Loss of function gene knock out and gain of function 
transgenic mouse experiments have become the gold standard for assessing gene and protein 
function in vivo, and the use of genetically modified mice that phenocopy human disease are 
widely used for development of therapeutics [1]. A new generation of methods now allows 
scientists to manipulate the mouse genome with greater precision and accuracy including the 
use of engineered nucleases and the CRISPR/Cas system [2]. The importance of the 
genetically modified mouse models has led to efforts by the National Institutes of Health [3] 
and the European Mouse Model Archive [4] to begin initiatives to remove, or knockout, 
every gene in the mouse genome. There are over 10,000 genetically modified mouse lines 
already in existence, and this may double when the comprehensive libraries of mouse 
knockout embryonic stem cells are available [5]. Implicit in projects of this size and scope 
are efforts to manage and preserve these resources once created [1, 5]. The primary tool for 
managing the expenses associated with maintaining large numbers of live mice has been 
cryopreservation of germplasm [1, 5]. 
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Cryopreservation of mouse germplasm, typically as sperm or embryos, creates an 
archive from which live mice can be resuscitated, and also protects mouse resources from 
catastrophic loss, genetic drift, and pathogenic contamination [1, 5].  Scientific funding 
agencies around the world have established centralized repositories for archive of genetically 
modified mouse lines to preserve these important research resources [1]. The challenge 
formouse model repositories is in dealing with the large volume of mouse lines created in an 
efficient and cost effective manner, necessitating high-throughput reliable techniques [6]. 
The need for high-throughput techniques has driven repository-affiliated researchers to 
develop and refine new methods to achieve this goal.  
 
Advantages of Sperm Cryopreservation for Mouse Germplasm Archive 
 The large numbers of mouse lines in need of archive by repositories necessitates that 
the techniques they employ be high-throughput, economical, and reliable. There are two 
methods widely used for archive of genetically modified mouse models, embryo and sperm 
cryopreservation, each of which possesses certain advantages. Sperm cryopreservation is 
feasible when archive of a haploid gamete is appropriate for maintaining the mouse model [1, 
5]. Genetically modified mouse lines on common genetic backgrounds with simple genetic 
alterations are well suited for sperm cryopreservation [1, 5]. Embryo cryopreservation allows 
preservation of a full diploid genome, which is necessary for mouse lines with unique genetic 
backgrounds or multiple relevant mutations [1, 6]. The majority of mouse models generated 
by the scientific community are suitable for sperm cryopreservation [1, 5]. 
 Sperm and embryo cryopreservation differ widely in the distribution of the costs 
associated with archive. In order to cryopreserve embryos, the bulk of expense and technical 
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time is spent prior to cryopreservation in breeding female mice for oocytes and generating 
embryos via IVF or natural mating [6]. The converse is true for sperm cryopreservation, only 
a few male mice of the correct genotype are necessary for archive. Analysis of recovery of 
mouse lines by established repositories has shown that the majority of mouse lines archived 
are only recovered sparingly, strongly suggesting investing in up front costs for archive is 
economically unwise [5, 6]. Sperm cryopreservation provides a far more sustainable 
economic model for repository organizations with low initial investment for archive. The 
costs associated with IVF are incurred at the time of resuscitation when they can be passed 
on to the end user [6]. 
 The technical time associated with archive is also an important aspect of achieving 
high-throughput for mouse model repositories. Sperm cryopreservation is a technically 
simple and quick procedure making it possible for a single technician to archive multiple 
lines in a single day [7]. Embryo cryopreservation, however, is a technically complicated 
involving a series of hormone injections at inconvenient hours, performing IVF, and 
culturing the embryos to the appropriate stage before cryopreservation [7]. The investment of 
technical time necessary for archive also favors sperm cryopreservation over embryo 
cryopreservation as well. 
 
Species-Specific Challenges of Mouse Sperm Cryopreservation  
 The logical basis for sperm cryopreservation as an optimal technique for archive of 
mouse models is clear, but the practical challenges of developing reliable techniques for 
mouse sperm cryopreservation have proven to be substantial. Mouse sperm, and rodent 
sperm in general, possess many characteristics that make them challenging to cryopreserve. 
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The first striking feature of mouse sperm is their morphology. They are more than twice as 
large as other types of mammalian sperm in cell volume, surface area, and length [8].  The 
relatively large amount of surface area and low cytoplasmic content cause mouse sperm to 
have a low osmotically active cell volume, which sensitizes them to excursions of osmolarity 
that occur during cryopreservation [9]. The size and shape of mouse sperm also makes them 
sensitive to mechanical stresses, which are important for sperm processing in preparation for 
cryopreservation, but also during cryopreservation from mechanical stress of ice formation in 
cryopreservation media [8]. These characteristics of mouse sperm figure prominently in the 
success and failure of cryopreservation protocols attempted by early researchers. 
 The theme of mouse sperm as a challenging cryobiology case continues as they 
respond differently than sperm from other species to permeating cryoprotective agents. 
Permeating cryoprotective agents such as glycerol, ethylene glycol, or dimethyl sulfoxide act 
to reduce damaging intracellular ice formation during cryopreservation, and are used in 
cryopreservation of sperm from species and other cell types [10]. Exposure of mouse sperm 
to these chemicals, however, results in cytotoxic membrane fusion [11] and reduces IVF 
rates after cryopreservation [12]. Mouse sperm cryopreservation techniques instead rely 
solely on non-permeating cryoprotectants, which act to dehydrate the cell to prevent 
intracellular ice formation during cryopreservation and thawing [10]. The non-permeating 
cryoprotective agent that was found to be most successful for cryopreserving mouse sperm 
over thirty years ago is the trisaccharide raffinose [13]. During cryopreservation sperm must 
dehydrate sufficiently to prevent intracellular ice formation, but excessive dehydration 
damages the cell membrane [10]. 18% raffinose (weight/volume) is the most commonly used 
concentration to generate the appropriate osmolarity for cryopreservation [14]. Skim milk is 
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also added to most mouse sperm cryopreservation media (3% weight/volume), and has been 
shown to extend the osmotic tolerance limits of the cell during cryopreservation [9]. This 
cryoprotectant composition of 18% raffinose and 3% skim milk has been shown to achieve 
reliable survival of sperm from a variety of mouse strains [14].  
 The second vital aspect of cryopreservation, in addition to the cryoprotectant media, 
is the cooling rate. Cooling rates must be slow enough to allow dehydration to prevent 
intracellular ice formation, but fast enough to prevent high solute concentrations resulting 
from freezing of extracellular water from damaging cells [15]. The description of how sperm 
were cooled during cryopreservation was inexact in early publications [14], but recent efforts 
have standardized cooling rates to -50 °C/minute to -20 °C/minute by controlling exposures 
to liquid nitrogen vapor before immersion in liquid nitrogen for storage [16-18]. 
Additionally, early cryopreservation protocols were carried out in vials, which do not allow 
ready or uniform heat transfer [19], but now the use of insemination straws that readily 
transfer heat is commonplace [14]. 
 
Mouse Strain-Specific Loss of In Vitro Fertilization Ability After Cryopreservation 
 Despite the successful design of protocols achieving survival of mouse sperm after 
cryopreservation, high rates of fertilization after cryopreservation proved to be a more 
elusive goal for many inbred strains. The original designs of cryopreservation protocols were 
done with outbred or hybrid mouse strains with very robust sperm quality, and these 
fertilized readily after cryopreservation [13, 14, 19-21]. When these same cryopreservation 
protocols were used for inbred mouse strains, the results varied widely with some strains 
fertilizing well after cryopreservation and others fertilizing poorly [14, 19-21]. The most 
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notable strains fertilizing poorly after cryopreservation were substrains of 129 and C57Bl/6, 
which are the strains most commonly used for genetic manipulation [14, 19-21]. These low 
fertilization rates with cryopreserved sperm from the most common strains prevented 
repositories from being able to use sperm cryopreservation as a means of archive, and forced 
them to employ embryo cryopreservation [6].  
The advantages of sperm cryopreservation for archive led researchers to develop a 
variety of methods to enhance the fertilization rate of cryopreserved inbred mouse sperm 
emphasizing the B6/J strain. The inability of B6/J sperm to fertilize via IVF was overcome 
by intracytoplasmic sperm injection of oocytes [22], leading some mouse model repositories 
to use this method as their primary means of resuscitation. Other means of assisting 
fertilization of cryopreserved B6/J sperm included removal or partial dissection the zona 
pellucida of the oocyte [20, 23]. Although these techniques improved IVF rates of B6/J 
sperm, the additional equipment, time, and expertise required for them to be carried out 
prevented their implementation as standard practice in most mouse model repositories. 
 
Sub-Lethal Damage of Mouse Sperm In Vitro Fertilization Ability After 
Cryopreservation 
 The first investigations into the cause of mouse strain-specific reduction of IVF after 
cryopreservation discovered that sub-lethal damage to sperm was causing loss of IVF rather 
than cell death [19]. These early efforts found, using sperm motility as a surrogate for 
viability, that survival did not correlate with IVF rate [19], indicating damage to necessary 
sperm function was the cause of impaired IVF. 
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 Sperm are not able to fertilize immediately upon ejaculation or collection from the 
epididymis, and must undergo a functional maturation process termed capacitation [24, 25]. 
Capacitation, in vivo or in vitro, is initiated by a variety of factors including albumin [26, 
27], calcium [26, 28], bicarbonate [26, 29], and glucose [30]. Initiation of capacitation leads 
to a myriad of changes to sperm physiology including alterations in intracellular ions levels 
[31], post-translational modification of proteins [32], ROS production [33], and metabolism 
[34]. These molecular changes underpin sperm function necessary for fertilization in vitro or 
in vivo.  
   For sperm to fertilize in vitro they must undergo a subset of tasks required for in vivo 
fertilization. In vitro, sperm are placed in relatively close proximity to oocytes, but they must 
still, however, have sufficient motility to locate the oocyte and pass through the extracellular 
matrix of the cumulus cells. Early studies utilizing computer assisted sperm analysis 
indicated motility was not necessarily lost along with IVF rate [19, 20, 23, 35],[20, 23] 
indicating motility was not sufficient for successful IVF of cryopreserved sperm. 
Locating the oocyte was not the deficiency of cryopreserved sperm, but subsequent 
studies suggested that inability to penetrate the zona pellucida of the oocyte was the block to 
IVF. When the zona pellucida of the oocyte was thinned, ablated, or removed, sperm with 
poor IVF rates improved [20, 23]. Two types of sperm function are necessary for sperm to 
penetrate the zona pellucida: release of the enzymatic contents of the acrosome [32] and 
hyperactive motility to generate mechanical force [36]. Electron microscopy studies have 
shown a high proportion of cryopreserved B6/J sperm have damage to the membrane of the 
sperm head overlying the acrosome [20], potentially interfering with its function. Robust 
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tools to examine hyperactive patterns of mouse sperm motility did not exist until recently 
[37], and had not been used to examine motility of cryopreserved mouse sperm. 
 Events of fertilization downstream of zona pellucida penetration do not appear to be 
damaged by cryopreservation. After zona pellucida penetration sperm must fuse their 
membrane with the membrane of the oocyte, but cryopreserved sperm undergo this process 
normally once the zona pellucida is removed [20, 23]. Cryopreservation does appear to 
induce damage to the genetic integrity of mouse sperm. Reduced blastocyst development 
rates have been reported when embryos are generated from cryopreserved sperm [19], and an 
increase in DNA damage to cryopreserved mouse sperm has been shown [38]. Examination 
of blastocysts generated from intra-cytoplasmic injection of cryopreserved and fresh mouse 
sperm showed similar fertilization rates, blastocyst development rates, and cell numbers, but 
abnormal karyotypes were increased [22]. Collectively, these studies indicated genetic 
damage occurs during mouse sperm cryopreservation, but that this damage affects embryo 
development rather than fertilization. 
  
Novel Empirical Techniques to Combat Strain-specific Loss of In Vitro Fertilization 
Rate of Cryopreserved Mouse Sperm 
  In response to the great demand for efficient protocols for cryopreservation of B6/J 
sperm, a wealth of new techniques mitigating loss of IVF have been published in the last few 
years [17, 18, 39-42]. The range of approaches utilized in these protocols is broad, including 
antioxidant supplementation [17, 18, 40], the use of the high-affinity cholesterol acceptor 
macromolecule CD [17, 39, 43], and omission of extracellular calcium from sperm 
capacitation media [44]. Each of the pathways modulated in these approaches have a role in 
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sperm function, but these protocols were developed by largely empirical means and the 
biological effects of the protocol changes are unclear. The investigations of this dissertation 
examined how cryopreservation causes loss of fertilization ability of cryopreserved mouse 
sperm and how newly published protocols alter this process.  
 
The Role of Reactive Oxygen Species in Sperm Biology 
 The success of protocols utilizing antioxidants with cryopreserved B6/J sperm 
suggested that oxidative stress was reducing IVF rates. Reactive oxygen species (ROS) have 
a dual role in sperm biology. Sperm produce ROS at low levels as signaling molecules 
promoting capacitation [33], and high levels of antioxidants can inhibit capacitation [45]. 
ROS at high levels creates oxidative stress, damaging sperm components and function [33].  
 Physiological production of low levels of ROS has been shown to be involved in 
many aspects of sperm capacitation including protein tyrosine phosphorylation [45] and 
hyperactivated motility of human sperm [46, 47]. ROS are thought to alter these processes by 
inhibition of phosphatases, generation of cAMP, and regulation of kinase activity [33]. In 
epididymal fluid and seminal plasma, sperm are exposed to potent antioxidants, but when 
sperm are released into an aqueous environment in vitro or in vivo, the inhibition of 
capacitation of these antioxidants is released [33]. Sperm are capable of producing ROS from 
membrane bound NADPH oxidase enzymes [48, 49] and mitochondria [50], but the relative 
contribution of these systems to ROS production during capacitation is unclear.  
 Exposure of sperm to high levels of ROS impedes their ability to function by 
damaging lipids, proteins, and DNA. Early research into the effects of ROS on sperm 
function demonstrated that peroxidation of membrane lipids interfered with sperm motility 
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[51, 52] and acrosome reaction [53, 54]. Sperm membranes contain high levels of 
polyunsaturated fatty acids that are necessary for membrane fluidity, but are vulnerable to 
attack from ROS [33]. Sperm DNA is coiled in a specialized toroid structure with protamine 
proteins in lieu of histones, making DNA inaccessible to endonuclease enzymes [55], but 
human sperm DNA damage is largely oxidative in nature and its presence correlates with 
inefficient chromatin condensation [56]. Sperm DNA damage does not appear to interfere 
with fertilization, but interferes with subsequent embryonic and fetal development [57, 58]. 
Oxidation of sperm proteins to form carbonyl groups can target proteins for degradation, and 
is associated with reduced fertility [59-61]. 
 A variety of systemic and cellular processes have been implicated in creation of 
sperm oxidative stress. Conditions resulting in systemic oxidative stress such as type-II 
diabetes [62] and smoking [63, 64] have been associated with sperm oxidative damage and 
fertility problems. Cellular oxidative stress can be created by exposure to transition metals, 
leukocytes, quinones, or catechol estrogens [33]. In many species, assisted reproductive 
procedures including sperm processing and, notably, cryopreservation also induce oxidative 
stress [65, 66].  
 
Significance of Cholesterol Efflux to Sperm Function 
 CD has been shown to improve IVF and cholesterol efflux of cryopreserved B6/J 
sperm, suggesting that cryopreservation damages this process. Cholesterol efflux is a key 
initiation step of capacitation that, under physiological conditions, is mediated by albumin 
[67]. Removal of cholesterol from sperm membranes enhances membrane fluidity allowing 
redistribution of membrane domains known as lipid rafts [68]. Redistribution of lipid rafts is 
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necessary for sperm to undergo the acrosome reaction [68]. Lipid rafts are thought to contain 
the protein complexes that mediate hybrid vesicle formation during acrosome reaction [69]. 
Membrane fluidity created by the removal of rigid cholesterol from sperm membranes is also 
part of the development of high-amplitude flagellar beating that is characteristic of 
hyperactivated motility [70, 71].  
 Cyclodextrins are polysaccharide macromolecules that have a high affinity for 
lipophilic groups and are widely used as carrier molecules in biomedical and pharmaceutical 
applications [72, 73]. CD induces capacitation-associated protein tyrosine phosphorylation of 
mouse sperm more potently than bovine serum albumin [74]. It has been recently shown that 
CD mediates cholesterol efflux through a non-physiological mechanism independent of 
bicarbonate [75], perhaps accounting its divergent effects with BSA on cryopreserved sperm. 
CD was first utilized with porcine cryopreserved sperm, and increased acrosome reaction and 
monospermic fertilization rates [76]. The initial publication characterizing CD for use with 
cryopreserved B6/J mouse sperm demonstrated it removed membrane cholesterol more 
effectively than BSA [39]. It was subsequently found that capacitation of B6/N sperm by CD 
in TYH media rather than HTF resulted in higher IVF rates [43]. Further detailed analysis of 
the effects of CD on cryopreserved mouse sperm function, or comparisons of the effects of 
CD on IVF with other mouse strains had not yet been published.  
 
Effects of Calcium on Sperm Function 
Removal of calcium from sperm capacitation media has been shown to increase IVF rates of 
B6/J sperm [41] and of a transgenic line [40], suggesting a role for extracellular calcium in 
reduction of IVF. Movements of calcium ions are involved in many cellular processes of 
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sperm, and are regulated in a fine tuned manner in different cellular compartments [77, 78]. 
Calcium was identified early on as a necessary media component for sperm capacitation and 
IVF [79], and subsequently its has been shown to be involved in many aspects of 
capacitation. Extracellular calcium is necessary for the initiation of sperm motility [79], and 
specific types of sperm calcium channels are required to achieve hyperactivated motility and 
fertilization [80]. Changes to intracellular calcium have also been implicated in directional 
sperm motility induced by progesterone [81]. Reaction of the sperm acrosome, necessary for 
fertilization, is regulated by the accumulation of calcium ions in the acrosomal matrix [82]. 
Despite the dependence on calcium ions on these processes necessary for fertilization, 
excessive intracellular calcium impairs fertilization in a variety of ways including loss of 
motility [83], spontaneous acrosome reaction [83], and production of ROS [84]. 
Cryopreservation has been shown to elevate intracellular calcium of human sperm [85], 
which could interfere with calcium dependent processes necessary for fertilization.   
 
Contributions of this Dissertation to The Field of Mouse Assisted Reproduction 
 Taken together, the results of the current dissertation describe some the biological 
factors that contribute to the success of the new protocols for IVF with cryopreserved mouse 
sperm including the addition of antioxidants GSH and MTG [17, 18], the role of the 
cholesterol acceptor molecule CD [39], the importance of  calcium content of the media [41], 
and the value of adding using TYH media  for sperm capacitation  [43]. Our results also 
identified some of the factors responsible for the low IVF rates of sperm in some of the 
commonly employed mouse strains [14, 19]. 
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 We found that antioxidant compounds only increased IVF rates of B6/J sperm, and 
that these compounds act in this strain by reducing high mitochondrial H2O2 levels created by 
cryopreservation. We went on to show that the elevation of mitochondrial H2O2 after 
cryopreservation is dependent on influx of extracellular calcium in B6/J and B6129XF1 
mouse sperm. In contrast to antioxidants, we found that CD improves IVF of many strains 
after cryopreservation, and acts improving capacitation-dependent sperm function. We also 
found TYH media improved capacitation-dependent motility of cryopreserved B6/J sperm, 
and the energetic substrate composition of TYH media was sufficient to cause these changes. 
   The results of this dissertation provide a biological basis underling some of the 
dramatic improvements in some of the new IVF protocols with cryopreserved mouse sperm. 
These insights may help in the translation of these techniques to sperm from other species 
and the development of new techniques for assisted reproduction in the mouse.   
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CHAPTER 2 
 
MITOCHONDRIAL HYDROGEN PEROXIDE AND DEFECTIVE CHOLESTEROL 
EFFLUX PREVENT IN VITRO FERTILIZATION OF CRYOPRESERVED MOUSE 
SPERM 
 
Overview 
 This chapter investigates broadly why some mouse strains lose IVF ability after 
cryopreservation and others do not, and how recently established protocols utilizing 
antioxidants and CD alter this process. Due to the improvements in IVF of B6/J mouse sperm 
cryopreservation with antioxidants that had previously been published, we focused on the 
role of oxidative stress in loss of IVF. We also systematically examined sperm function 
necessary for IVF to see how cryopreservation impeded the process. We examined several 
mouse strains losing IVF after cryopreservation to determine if mechanisms were conserved 
or divergent among strains.
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Introduction 
 Researchers attempting to cryopreserve sperm for archival of genetically modified 
mouse models have long been hampered by the severely reduced IVF rates for the inbred 
mouse strains most commonly used for genetic manipulation, C57Bl6/J (B6/J) and 129 
substrains [1-5]. As a result, a wealth of new cryopreservation techniques to improve IVF 5 
rates have been published in the last few years [6-11]. The range of approaches utilized in 
these protocols is broad, but the two dominant methods include antioxidant supplementation 
[7-9] and the use of the high-affinity cholesterol acceptor macromolecule methyl-beta-
cyclodextrin (CD) [3, 6, 8]. 
 Improving IVF rates of B6/J sperm with antioxidants, during or after cryopreservation 10 
 suggests that some form of oxidative stress is interfering with IVF. Cryopreserved sperm of 
many species have shown evidence of oxidative stress including elevated reactive oxygen 
species (ROS) production [12-15], reduced antioxidant capacity [16-18], membrane lipid 
peroxidation [18-21], and oxidative DNA damage [22-24]. Sperm are highly vulnerable to 
attack from ROS due to low cytoplasmic antioxidant capacity and membrane high 15 
polyunsaturated fatty acid content [25, 26]. While sperm generate ROS as an important 
component of signal transduction stimulating capacitation [27], excessive levels of ROS 
impair sperm function by reducing sperm motility [28], preventing normal acrosome reaction 
[29], and have been associated with male factor infertility [30]. 
 Similarly, increased efficiency of cholesterol removal by CD from cryopreserved 20 
B6/J sperm membranes is associated with higher IVF rates [6]. Efflux of membrane 
cholesterol is an essential initiation step of sperm activation and capacitation [31, 32], and 
CD has been shown to potently mediate these processes [33, 34]. The cooling and subsequent 
  25 
warming during cryopreservation disorganizes membrane lipids [35-37] and reduces 
membrane fluidity [38], potentially interfering with capacitation-associated membrane 25 
remodeling and cholesterol dynamics. 
 Due to the widespread use of the B6/J mouse strain for genetically modified mouse 
models, a substantial amount of research has been done to understand why these sperm lose 
fertilization ability after cryopreservation. The consensus is that cryopreserved B6/J sperm 
fail to penetrate the zona pellucida of the oocyte [5], based upon the improvement of IVF by 30 
removing, thinning, or drilling holes in the zona pellucida [5, 39], or performing 
intracytoplasmic sperm injection [40]. To penetrate the zona pellucida, sperm must locate 
and pass through the extracellular matrix of the cumulus-oocyte complex (COC), undergo the 
acrosome reaction, and possess hyperactivated motility for sufficient mechanical force [41, 
42]. Cryopreserved B6/J sperm are not deficient in percent or progressive motility and are 35 
able to bind effectively the zona pellucida [1, 5, 43].  High magnification electron 
microscopy of B6/J sperm during cryopreservation has shown damage to the sperm head 
membrane overlying the acrosome [5], These lesions were reduced in mouse strains with IVF 
rates unaffected by cryopreservation, suggesting an important role in IVF [5]. Incubation 
with GSH results in increased thiol content of the zona pellucida and expansion of the zona 40 
pellucida after IVF with cryopreserved B6/J sperm [8, 9], but the relationship of these 
changes to fertilization is unclear. Combined, this evidence suggests that oxidative stress is 
somehow interfering with zona pellucida penetration of B6/J mice. 
Insufficient attention has been given to the biological mechanisms underpinning how 
these new protocols improve IVF rates. Understanding the biological basis for these 45 
improvements should aid in the development of protocols for cryopreservation of sperm 
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where current techniques are unsatisfactory. Furthermore, it may be possible to apply these 
IVF techniques to other mouse strains commonly used for genetic manipulation, and to 
improve the outcomes of B6/J mouse sperm cryopreservation beyond current levels.  In this 
study we expand the testing of antioxidants and CD to cryopreserved 129X1 and C57Bl/6N 50 
(B6/N) mice, and use mouse strain specific responses in IVF rate to show what aspects of 
oxidative damage and sperm function are determinant of IVF rate after cryopreservation. 
  
Materials and Methods 
 55 
Media, Reagents, and Animals 
All animals used in this study were obtained from Jackson Laboratories (Bar Harbor, 
ME) or were bred in our animal facilities, and used in accordance with all guidelines of the 
Institutional Animal Care and Use Committee of the University of North Carolina at Chapel 
Hill. Fluorescent dyes SYTOX Blue, propidium iodide, Alexa488 conjugated soybean 60 
trypsin inhibitor, and BODIPY 581/591 were purchased from Invitrogen. Boronate derived 
hydrogen peroxide (H2O2) fluorescent sensors PF6-AM, MitoPY1, and PG1 were 
synthesized in the laboratory of Dr. Chris Chang at the University of California at Berkeley. 
All chemicals not otherwise mentioned were obtained from Sigma (St Louis, MO). Human 
Tubal Fluid (HTF) was purchased from Irvine Scientific (Irvine, CA), and was supplemented 65 
with 4 mg/ml fatty acid free BSA before use. Experiments utilizing HTF were carried out in 
an incubator at 37 °C with 5% CO2 in air added. Reduced glutathione (GSH) was added to 
HTF medium for sperm capacitation and IVF where indicated at 1 mM, and was allowed to 
equilibrate overnight before usage [9, 11].  CD, when used, was added to HTF at 0.75 mM 
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along with 1 mg/ml of polyvinyl alcohol, and was only used for a 30 minute sperm 70 
capacitation period [6].  
 
Sperm Cryopreservation 
Sperm were cryopreserved from B6129XF1, FVB/NJ, B6/J, B6/N, and 129X1/J male 
mice from 3-6 months of age housed individually for at least one week before sperm 75 
collection. Each cryopreserved sample utilized cauda epididymides and vas deferentia were 
removed from 2 mice. Sperm were cryopreserved by the Nakagata method [2] by nicking 
each cauda epididymis 5 times and allowing 2 minutes for sperm to disperse into 
cryoprotectant medium composed of 18% raffinose and 3% skim milk with or without 477 
µM monothioglycerol (MTG) [7]. The osmolarity of the cryoprotectant medium was verified 80 
to be within 485-495 mOsm with an Advanced Micro Osmometer (Advanced Instruments). 
Sperm were cryopreserved in 0.25ml insemination straws by exposure to lipid nitrogen vapor 
as described by Stacy et al. [44], and stored under liquid nitrogen until use. 
 
In Vitro Fertilization 85 
Cryopreserved sperm were prepared for IVF by thawing straws with 37°C water and 
diluting the thawed sample into 200 µl of HTF. Freshly collected sperm for IVF experiments 
were prepared similarly to cryopreservation, except HTF was used in place of 
cryopreservation medium. Sperm suspensions were diluted and analyzed for motile 
concentration by computer assisted sperm analysis (CASA), and added to 500 µl IVF drops 90 
to a final concentration of 0.2 million motile sperm per ml. The range of sperm in 
capacitation media added to the IVF varied from approximately 10 µl to 50 µl, resulting in 
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greater alteration of IVF media in some IVF reactions than others. Sperm were capacitated 
60 minutes before IVF. Female B6129XF1 mice aged 8 to 16 weeks were superovulated with 
5IU of pregnant mare serum gonadotropin followed by 5IU of human chorionic gonadotropic 95 
48 hours later. Cumulus-oocyte complexes (COC) were collected from female reproductive 
tracts 13 hours after HCG administration, and 2 to 4 COC were added to each IVF. IVF 
reactions were allowed to proceed 4 to 6 hours, and oocytes were washed through four 
200µL drops of HTF. Fertilization was assessed as formation of 2-cell embryos 24 hours 
after initiation of the IVF.  100 
 
Sperm Motility 
For studies of sperm motility, computer assisted sperm analysis (CASA) was 
performed on Hamilton Thorne Biosciences IVOS with software version 12.3B using 
parameters for mouse sperm previously described [45]. Sperm were prepared for analysis by 105 
dilution of 10 µl of concentrated suspensions, either cryopreserved or freshly collected, into 1 
ml of HTF and incubated 90 minutes before loading into 100 µm deep Leja sperm analysis 
chambers. CASA was assessed at 90 minutes of incubation, because this has been shown to 
be sufficient time to achieve hyperactivated motility in a variety of mouse strains [45], and its 
correspondence to the time of zona pellucida penetration for B6129XF1 cryopreserved sperm 110 
(Jeff Gray, unpublished data).The CASAnova software algorithm was used for classification 
of sperm motility patterns [45]. For examination of capacitation dependent motility patterns 
necessary for fertilization, the CASAnova hyperactive and intermediate patterns were 
combined.  
 115 
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Sperm Zona Pellucida Binding Ability 
Sperm were allowed to incubate with COC under IVF conditions for 1 hour, at which 
time COC were removed from the IVF reaction and treated with 0.1% hyaluronidase for 5-10 
minutes to remove any adherent cumulus cells. Sperm-oocyte complexes were then washed 
four times to remove any loosely bound sperm and fixed by 1.25% glutaraldehyde in PBS 120 
with 1 mg/ml PVP (PBS-PVP) for 10 minutes. Sperm and oocyte DNA were then stained by 
1 ug/ml DAPI in PBS-PVP for 10 minutes and subsequently washed. Sperm-oocyte 
complexes were mounted with Slow Fade Gold anti-fade mounting reagent (Invitrogen) on 
slides within 120 µm Secure Seal adhesive spacers (Invitrogen). Bound sperm were counted 
by DIC and DAPI fluorescent microscopy at 400X magnification on a Zeiss AxioImager M2 125 
(Carl Zeiss).  
  
Acrosome Reaction within the COC Extracellular Matrix 
Given to a recent report that during in vitro fertilization mouse sperm primarily 
acrosome react as they pass through the outer vestments of the COC rather than at the surface 130 
of the zona pellucida [46], we assessed the ability of cryopreserved sperm to undergo this 
process. Sperm were diluted into HTF containing 5 µg/ml Hoechst 33342 to stain sperm 
DNA, allowed to capacitate 60 minutes, and then placed in an IVF reaction with 2 µg/ml 
Alexa488 conjugated soybean trypsin inhibitor to label acrosome reacted sperm [47, 48]. The 
IVF reaction was allowed to proceed for 30 minutes, as longer IVF times resulted in a 135 
significant proportion of the oocytes being penetrated at the time of assessment, altering their 
ability to bind acrosome reacted sperm [48]. COC were then washed in HTF, and then fixed 
with 2% paraformaldehyde in PBS-PVP for 60 minutes. Sperm counts within the COC were 
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performed on a Zeiss AxioImager M2 (Carl Zeiss) at 250X magnification using Hoechst 
fluorescence for total sperm numbers and Alexa488 fluorescence for acrosome reacted sperm 140 
(Figure 2-5).  
 
Flow Cytometry Measurements 
Flow cytometry analyses were performed with a Beckman-Coulter CyAn (Dako), 
with ten thousand sperm specific events collected, and non-sperm events gated out by 145 
forward and side scatter properties. SYTOX Blue staining was assessed using the 405-nm 
laser and 450/50 detector. PF6-AM [49] and MitoPY1 [50] were measured with the 488 nm 
laser coupled with the 530/40 detector. HEPES buffered BWW used for flow cytometry 
incubations in room air was formulated with 1.7 mM CaCl2, 91.5 mM NaCl, 4.6 mM KCl, 
0.37mM KH2PO4, 1.2 mM MgSO4· 7H2O, 25 mM NaHCO3, 5 U/ml penicillin G, 5 µg/ml 150 
streptomycin, 5.6 mM glucose, 0.27 mM pyruvate, and 44 mM lactate, pH 7.4 [51] 
supplemented with 4 mg/ml BSA was used in lieu of HTF for all flow cytometric analyses, 
except for BODIPY 581/591 staining when 1 mg/ml polyvinyl alcohol was used in place of 
BSA. 
 155 
Measurement of Hydrogen Peroxide Levels  
We employed a variety of fluorescent hydrogen peroxide probes that allowed 
measurements in several different cellular contexts. The family of probes used generates 
fluorescence only after specific oxidation of a boronate group to a phenol by H2O2 [52-54]. 
The specificity comes from the accompanying groups attached to the fluorophore scaffold 160 
[52-54]. Flow cytometry was used for measurements of intracellular H2O2 using an 
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acetoxymethyl coupled fluorescent H2O2 probe called PF6-AM (Figure 2-2A) [49] and 
mitochondrial specific H2O2 with a mitochondrial-targeted boronate-based probe, MitoPY1 
(Figure 2-2B)[50]. Staining was carried out by incubation of sperm in 200 µl of BWW-
HEPES with 5 µM of either PF6-AM or MitoPY1 for 30 minutes. Sperm were washed by 165 
adding 1 ml of 37 °C BWW-HEPES, centrifugation at 300g for 3 minutes, and resuspension 
in 500 µl of BWW-HEPES containing 1 µM SYTOX Blue. Flow cytometry was performed 
immediately following staining with MitoPY1 roughly correlating to the time of initiation of 
IVF. PF6-AM stained sperm were incubated 30 minutes before analysis to allow probe 
activation by cellular esterases [50]. Sperm suspensions with 1 mM H2O2 added were used as 170 
a positive control. Results from these probes are presented as the mean fluorescence 
intensities of live sperm, with dead SYTOX Blue stained sperm excluded. 
To assess total extracellular and intracellular H2O2 present in sperm suspensions in 
HTF, we employed PG1, a fluorescent cell-permeable H2O2 probe that is active 
intracellularly and in the extracellular media (Figure 2-2C)[55]. Sperm were diluted into 200 175 
µl of HTF lacking phenol red, analyzed for motile concentration, and added to a 250 µl 
reaction volume at 0.2 million motile sperm per milliliter to mimic IVF conditions. PG1 was 
then added to the sperm suspension at a final concentration of 5 µM and incubated 1 hour, 
corresponding to the initiation of IVF. The fluorescence of stained sperm suspensions was 
measured in duplicate in clear-bottomed 96-well plates by a FLUOstar Optima plate reader. 180 
Results are presented as relative fluoresce units after the value of a media blank has been 
subtracted. Media with 400 µM H2O2 added was used as a positive control. 
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 185 
Detection of Lipid Peroxidation 
To assess lipid peroxidation sperm, were stained in 200 µl BWW-HEPES containing 
5 µM BODIPY 581/591 for 30 min at 37 °C [56]. Sperm treated with 80 µM ferrous sulfate 
were used as a positive control [56]. All cryopreserved sperm possessed bright green staining 
on the midpiece, and the intensity of this staining by flow cytometry was not different among 190 
strains (data not shown). We then microscopically examined of the localization of membrane 
lipid peroxidation by allowing BODIPY stained to swim-up for 10 minutes into 40 µl of 
BWW-HEPES containing 10 µM propidium iodide. Sperm were then placed on warmed 
charged slides, and at least one hundred sperm without propidium iodide staining were 
immediately assessed for green lipid peroxidation staining on the sperm head or the principal 195 
piece (Fig 2-3A, 2-4C). The timing of assessment of lipid peroxidation was approximately 60 
minutes after sperm thaw, consistent with the timing of initiation of IVF.   
 
Experimental Design and Statistical Analysis 
In the experiments of this chapter assessments in different media conditions were not 200 
done in parallel on the same pool of sperm, but instead 1 straw of cryopreserved sperm was 
thawed for each condition and endpoint. This experimental design was used to ensure a 
sufficient quantity of sperm was present for flow cytometry assays. We defined a single 
biological replicate as an independent preparation of a sperm suspension from 2 male mice 
that was divided among approximately 20 straws and cryopreserved. Straws from the same 205 
biological replicate of sperm cryopreservation were largely used for every endpoint and 
condition, but full overlap of the specific cryopreserved samples between conditions was not 
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possible due to insufficient quantity of straws per sample. Instances of insufficient straw 
numbers occurred in no more than 2 biological replicates per strain. Four biological 
replicates were assessed for each endpoint in each condition. For assessments of unfrozen 210 
sperm, four biological replicates consisting of a single male mouse per strain were assessed 
for IVF, and a second set of mice was used for four biological replicates per strain for the 
flow cytometry assessments. Statistical analyses were performed by Microsoft Excel 2004 
version 11.6.6. Statistical significance was determined by two-tailed unpaired t-tests, and 
differences p < 0.05 were considered significant.  215 
  
Results 
Effects of Cryopreservation on B6/J Mouse Sperm 
 Cryopreservation of B6/J sperm causes a substantial loss of IVF rate.  In contrast, a 
negative control strain, a B6/J 129X1 F1 hybrid (B6129XF1), did not have statistically 220 
significant declines after cryopreservation (Fig 2-5A). Low fertilization rates of B6/J with 
protocols routinely successful with other mouse strains have led to the use of antioxidants, 
MTG and GSH, and cyclodextrin, CD, to improve IVF rates [6-11]. We validated that these 
compounds significantly improved IVF rates of cryopreserved B6/J sperm (Fig 2-5A), but 
also found none of the compounds fully restored the IVF rate to levels similar to unfrozen 225 
B6/J sperm (Fig 2-5A) 
 Due to the observed improvement in IVF rates of B6/J cryopreserved sperm with 
antioxidants, we analyzed the dynamics of the long-lived cell permeable ROS H2O2 in three 
different contexts: total (Fig 2-2A) [55], intracellular (Fig 2-2B) [49], and mitochondrial (Fig 
2-5B)[50]. Total and intracellular H2O2 levels were not elevated in B6/J sperm compared to 230 
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the control strains (Fig 2-6A,B). Total and intracellular H2O2 were only affected by 
antioxidant GSH and not MTG, despite the ability of MTG to improve IVF rate (Fig 2-
6A,B). Collectively, these results show that there is not a strong relationship between total 
and intracellular H2O2 and IVF rate. 
Mitochondrial H2O2 levels were significantly higher in B6/J sperm than in the 235 
B6129XF1 control, both before (p < 0.0001) and after (p=0.0011) cryopreservation (Fig 2-
5B).   While there was a significant increase in H2O2 levels in the control strain after 
cryopreservation, these levels were still below that of unfrozen B6/J sperm (p < 0.05) (Fig 2-
5B).  Both antioxidants, MTG and GSH, reduced mitochondrial H2O2 in B6/J to pre-
cryopreservation levels, consistent with their ability to improve IVF rates (Fig 2-5A,B).  240 
Surprisingly, treating cryopreserved B6/J sperm with CD increased mitochondrial H2O2 (Fig 
2-5B).  Although the trend for all of the data shows a strong inverse correlation between 
mitochondrial H2O2 and IVF rate for B6/J and B6129XF1 sperm (r = -0.7588) (Fig 2-5C), 
CD treatment does not fit this pattern, suggesting a downstream role (see discussion). For 
MTG and GSH, the inverse correlation suggests that reducing mitochondrial H2O2 by 245 
antioxidants is a mechanism for improving IVF rates of B6/J sperm.       
 We also investigated the location of lipid peroxidation on sperm plasma membranes 
after cryopreservation and its influence on IVF rate. Sperm membrane lipids are vulnerable 
targets of ROS, and their peroxidation can affect functions necessary for fertilization, 
including motility and the acrosome reaction [29, 57]. We found more frequent lipid 250 
peroxidation over the sperm head of cryopreserved B6/J sperm than the control strain (Fig 2-
3A,B). Furthermore, both antioxidants were able to reduce the percentage of cryopreserved 
B6/J sperm with lipid peroxidation on the sperm head to levels similar to the control strain 
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(Fig 2-3B). CD did not have any effect on the presence of lipid peroxidation on B6/J sperm 
membranes after cryopreservation (Fig 2-3B).  We also assessed lipid peroxidation on the 255 
principal piece of cryopreserved sperm, but there was no statistical difference between 
B6129XF1 and B6/J (Fig 2-6C).  
 After locating two sites of significant oxidative stress in cryopreserved B6/J sperm, 
we wanted to identify sperm functions damaged by cryopreservation.  We first determined 
cryopreserved B6/J sperm were able to readily penetrate the extracellular matrix of the 260 
cumulus-oocyte complex (COC) and bind the zona pellucida of the oocyte (Figure 2-7A,B). 
This suggests cryopreserved B6/J sperm were unable to penetrate the zona pellucida, which 
could be due to an inability to achieve hyperactivated motility or undergo acrosome reaction. 
To assess sperm motility, we utilized computer assisted sperm analysis (CASA) coupled with 
an algorithm for classifying the motility patterns [45]. We found cryopreserved B6/J sperm 265 
were not deficient in percent, progressive, or hyperactivated motility compared to the control 
strain (Figure 2-8).  We then assessed the ability of cryopreserved B6/J sperm to acrosome 
react as they approached the oocyte through the cumulus cell matrix.  Cryopreserved B6/J 
sperm within cumulus-oocyte complexes possessed a reduced percentage of reacted 
acrosomes compared to the control strains, and both antioxidants and CD were able to 270 
increase this percentage (Fig 2-3C). These data indicate that B6/J sperm are unable to 
effectively undergo acrosome reaction after cryopreservation, but this failure is eliminated 
with antioxidant and CD treatment.   
 Due to the divergent effects of CD and antioxidants on ROS, and the report of 
increased IVF rates after combining GSH and CD in Takeo et al [8], we tested the effects of 275 
combinations of antioxidants and CD on IVF of cryopreserved B6/J sperm. Although Takeo 
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et al. added glutamine to the sperm cryopreservation medium and used TYH medium for 
sperm capacitation, we examined antioxidants and CD together with standard 
cryopreservation medium and standard IVF media to control for composition differences [8, 
11].  In standard IVF media, both MTG with CD and GSH with CD failed to improve the 280 
IVF rate beyond the antioxidants alone (p > 0.05) (Figure 2-9A).  Combining CD with GSH 
eliminated its capacity to reduce cellular and mitochondrial H2O2 levels (Figure 2-9B,C), and 
CD blunted mitochondrial H2O2 reduction by MTG (Figure 2-9C).  These results suggest that 
glutamine and TYH medium may be responsible for the effectiveness of combing CD with 
an antioxidant.  285 
 
Effects of Cryopreservation on B6/N Mouse Sperm 
Because the B6/N substrain, which is increasingly being used for large scale genetic 
knockout projects [58], has poor IVF rates after cryopreservation (Fig 2-4A), we tested the 
ability of antioxidants and CD to improve IVF rates.  After cryopreservation, IVF rates were 290 
unaffected by antioxidants, but restored to unfrozen levels by CD (Fig 2-4A). Consistent with 
the failure of antioxidants to improve IVF rate, mitochondrial (Fig 2-4B), total (Fig 2-6A), 
and intracellular (Fig 2-6B) H2O2 for B6/N were similar to the control strain, FVB/N.  The 
compounds that reduced lipid peroxidation on the head of cryopreserved sperm differed 
between B6/N and B6/J.  MTG and CD reduced lipid peroxidation in B6/N (Fig 2-4D), and 295 
MTG and GSH reduced levels in B6/J (Fig 2-3B). Lipid peroxidative damage to the 
membranes of the B6/N sperm head after cryopreservation was associated with a reduction in 
acrosome reacted sperm within COC (Fig 2-10A). CD increased the percentage of acrosome 
reacted sperm after cryopreservation, but antioxidants did not (Fig 2-10A). The data are 
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consistent with loss of acrosome reaction ability being the functional determinant of IVF rate 300 
of these sperm.     
 
Effects of Cryopreservation on 129X1 Mouse Sperm  
Due to the importance of 129X1 mice for genetic manipulation and its previously 
characterized loss of IVF ability during cryopreservation, we wanted to examine whether this 305 
strain underwent damage resembling B6/J or B6/N sperm after cryopreservation, and if IVF 
rates could be restored by antioxidants or CD. We found the reduction in IVF rate of 
cryopreserved 129X1 sperm was unaffected by antioxidants, but fully restored by incubation 
with CD, similar to B6/N cryopreserved sperm (Fig 2-4A). We next analyzed the H2O2 
production of 129X1 cryopreserved sperm to determine if it bore any relationship to IVF 310 
rate. Intracellular and mitochondrial H2O2 production of 129X1 sperm were unchanged by 
cryopreservation (Fig 2-6B, Fig 2-4B).  However CD and, unexpectedly, GSH increased 
mitochondrial and intracellular H2O2 production to levels comparable to the cryopreserved 
control strain (Fig 2-4B, Fig 2-6B).  Despite lower cellular production of H2O2, 129X1 
cryopreserved sperm had more lipid peroxidation on the head and principal piece of the 315 
sperm tail than the control strain (Fig 2-4C,D, Fig 2-6C). CD reduced the percentage of 
cryopreserved 129X1 sperm with lipid peroxidation on both of these areas to levels found in 
the negative controls (Fig 2-4C,D, Fig 2-6B), while MTG reduced lipid peroxidation only on 
the sperm principal piece (Fig 2-6B).  
Next, we investigated how cryopreservation and CD affect 129X1 sperm function. In 320 
contrast to B6/J sperm, 129X1 acrosome reaction was not reduced by cryopreservation (Fig 
2-10A). Several aspects of motility were reduced after cryopreservation compared to the 
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FVB/N control strain, including hyperactivation, progressive motility, and percent motility 
(Fig 2-10B-D). CD alleviated all of the reductions in 129X1 motility compared to the control 
strain, and produced significantly more motile and hyperactive sperm compared to 129X1 325 
cryopreserved sperm alone. For all the strains in our study combined, the prevalence of lipid 
peroxidation on the sperm head showed a strong negative correlation with the fertilization 
rate (r = -0.8217)(Fig 2-4E).  
 
Discussion 330 
Our investigation demonstrates two main factors contributing to reduced rates of IVF 
of cryopreserved mouse sperm: mitochondrial oxidative stress and membrane lipid 
peroxidation. Pharmacological mitigation of these factors can significantly restore IVF 
ability after cryopreservation, in a strain-specific fashion. Membrane lipid peroxidation is 
present in all three strains exhibiting loss of IVF rate after cryopreservation in our study, but 335 
B6/J alone was also affected by mitochondrial oxidative stress (Table 1).  
B6/J produced more mitochondrial H2O2 than any other strain tested, both before and 
after cryopreservation. The strong negative correlation between mitochondrial H2O2 and IVF 
rate is consistent with this ROS having a potent ability to interfere with IVF in B6/J. These 
data strongly support that reduction of mitochondrial H2O2 to pre-cryopreservation levels is 340 
the mode of action of antioxidants GSH and MTG in improving IVF rates of B6/J sperm. 
Mitochondrial ROS have been implicated as the primary source of oxidative stress in human 
sperm associated with male factor infertility [59] and characterized as an early event in the 
intrinsic apoptotic cascade of human sperm [59, 60]. 
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Recent evidence in human sperm suggests mitochondrial ROS perpetuate oxidative 345 
cycling and lipid peroxidation [61]. Our data suggest a similar pathogenesis in cryopreserved 
B6/J sperm, where elevated mitochondrial H2O2 is associated with high incidence of lipid 
peroxidation on the sperm head. H2O2 is a stable ROS capable of diffusing from its site of 
production in the sperm midpiece to the head [62], its site of membrane damage. The plasma 
and acrosomal membranes of the sperm head have long been understood to be highly 350 
susceptible to lipid peroxidation [63]. Electron microscopy studies of cryopreserved B6/J 
sperm have shown frequent membrane structural damage localized to the sperm head, 
corroborating our findings [5].  
Peroxidation of the membranes present on the sperm head appears to be responsible 
for the reduced ability of cryopreserved B6/J sperm to acrosome react. Reduction in head 355 
lipid peroxidation by antioxidants produced associated improvements in acrosome reaction 
rates. This relationship has been demonstrated in human sperm by the ability of exogenous 
ROS to induce lipid peroxidation and reduce ionophore-induced acrosome reaction [29]. 
Furthermore, this study implicated H2O2 as the source of acrosome damage of human sperm. 
Catalase, which specifically detoxifies H2O2, was the only antioxidant capable of improving 360 
acrosome reaction of ROS-treated human sperm [29]. Only acrosome reacted sperm are able 
to penetrate the zona pellucida of the oocyte [64], thereby explaining the previously observed 
defects in zona pellucida penetration of cryopreserved B6/J sperm [5]. 
The genetic similarity between the C57Bl/6 substrains, B6/J and B6/N, suggests a 
genetic basis for the elevated mitochondrial H2O2 phenotype of B6/J sperm. The genetic 365 
similarity between the two substrains is very high, with only five single nucleotide 
polymorphisms [65] and two genetic deletions [66, 67], between the two strains. One of the 
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characterized deletions unique to B6/J mice is within the nicotinamide nucleotide 
transhydrogenase (Nnt) gene, resulting in a total loss of the protein [66, 68]. Nnt is a 
mitochondrial membrane protein involved in regeneration of mitochondrial antioxidants [69]. 370 
B6/N did not have the susceptibility to cryopreservation-induced mitochondrial oxidative 
stress exhibited by B6/J. The lack of Nnt in B6/J sperm mitochondria may impair 
regeneration of endogenous antioxidants GSH and thioredoxin, thereby impairing 
detoxification of mitochondrial H2O2 [66]. The deletion of Nnt in B6/J is associated with a 
variety of oxidative stress based phenotypes including impaired glucose tolerance [70], 375 
insulin resistance [71], and sensitization to genetic deletion of antioxidant proteins [66, 72]. 
Our study illustrates another instance in which the deletion of Nnt may play a role in an 
important phenotype of B6/J. 
Our results that show MTG and GSH improved IVF for B6/J, but not 129X1 or B6/N 
contrast with other studies.  Our results are largely due to the ability of antioxidants to 380 
mitigate the substantial increase in mitochondrial H2O2 that occurs in B6/J, but not 129X1 or 
B6/N after cryopreservation. Other strains not included in our study may suffer from 
increased mitochondrial H2O2 after cryopreservation and, like B6/J, benefit from MTG or 
GSH treatment. Using significantly smaller IVF volumes, Bath examined IVF with GSH for 
cryopreserved mouse sperm, and found GSH increased IVF rates of B6/J, FVB/N, 385 
129S1/SvImJ, and C3H/HeJ [9]. However, when using conditions similar to ours, Bath 
reported GSH increased IVF rates of only B6/J and FVB/N [9]. These results suggest that 
H2O2 from cryopreserved sperm accumulates to inhibitory concentrations in small IVF 
volumes, and that these conditions impair a variety of mouse strains. Unlike Bath, we did not 
test GSH with FVB/N sperm because their IVF rate was not significantly reduced by 390 
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cryopreservation. Ostermeier et al. reported that many strains, in addition to B6/J, benefited 
from new cryopreservation methodology that included MTG [7]. However, with the 
exception of B6/J, these results are confounded by the other differences in their 
cryopreservation protocol. 
 CD improved IVF rates for 129X1, B6/N, and B6/J cryopreserved sperm, suggesting 395 
a common defect in efflux of membrane cholesterol. CD has been shown to efficiently 
remove cholesterol from the B6/J sperm membranes after cryopreservation when albumin, 
which typically serves this function, is unable to do so [6]. Here we show that CD acts to 
allow normal capacitation-dependent sperm function, which is necessary for IVF in 129X1, 
B6/N, and B6/J cryopreserved sperm. Efflux of cholesterol is a key initiation event of sperm 400 
capacitation [73], and the potent ability of CD to induce capacitation of mouse sperm has 
been previously demonstrated [33, 34]. Cryopreservation has been shown to disorganize 
membrane lipids [35-37], and evidence suggests that CD removes cholesterol on a more 
indiscriminate basis than physiologically-relevant albumin [74, 75], perhaps enabling it to 
remove cholesterol when lipid peroxidation has occurred or normal membrane structure is 405 
disrupted. These studies indicate that if capacitation-dependent sperm function is inhibited by 
cryopreservation, CD may improve IVF rates. 
 It is important to note some of the limitations of the studies conducted herein. In IVF 
experiments a variable we were unable to control for was the volume of the sperm 
suspension in capacitation medium added to each IVF. Sperm were added to an IVF reaction 410 
on the basis on the concentration of motile sperm in the capacitation suspension, and, the 
volume differed between experiments. As a consequence of the variable volume of 
capacitation media added, the HTF media of the IVF reaction was altered to a varying 
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degree. The potential for capacitation media to affect IVF may be more pronounced with CD 
capacitated sperm, since CD in the IVF media of other species has been shown to be 415 
associated with oocyte degeneration [75]. In contrast, adding antioxidants to the capacitation 
is less likely to interfere with the success of IVF. The protocol for using in GSH in 
capacitation media also uses GSH in the IVF media, and MTG is only added to the 
cryopreservation media and is therefore diluted about 100 fold in the IVF media.  
The way we sperm were added to IVF created another variable we were unable to 420 
control for: the addition of variable numbers of dead sperm to each IVF. The number of dead 
sperm added to an IVF depends on the percent motility of the sperm suspension, which varies 
from preparation to preparation. It is possible that the addition of dead sperm to IVF would 
impact our results since it has been shown to reduce fertilization rates in other studies of IVF 
with cryopreserved mouse sperm [7]. However, our results suggest that this was not a major 425 
factor in our studies since changes to percent motility did not correlate to changes in IVF 
rates. Indicating that the number of dead sperm in an IVF sample was not an import factor in 
the outcome of our studies.  
The factors described above that may have increased the variability among different 
samples within the treatment groups, but these factors were common to all the groups. 430 
Hence, these factors do not confound the results of the above experiments since they are 
random sources of variation present in all the groups and, as such, do not confound 
interpretation of the results, but rather potentially increase the variability in each group 
equally.   In spite of these random sources of variation in IVF methodology, we were able to 
demonstrate consistent and statistically significant differences in IVF rates with the 435 
compounds added to media and among and the different mouse strains.            
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The type of capacitation-dependent sperm function rescued by CD after 
cryopreservation differed among mouse strains. CD alleviated cryopreservation-induced 
inhibition of acrosome reaction in B6/J and B6/N sperm and hyperactivated motility of 
129X1 sperm. 129X1 sperm may be susceptible to loss of hyperactivated motility due to 440 
genetic polymorphisms in the PGK2 gene, resulting in lower baseline glycolytic rates [76, 
77]. Microscopic evaluation of retention of membrane cholesterol in cryopreserved B6/J 
sperm showed pronounced staining over the acrosome [6], and removal of membrane 
cholesterol is necessary for acrosome reaction to proceed [78].  
 CD’s IVF improvements after cryopreservation also differed among mouse strains. 445 
CD restored IVF rates with cryopreserved sperm to pre-freezing levels in B6/N and 129X1, 
but produced only a moderate increase in B6/J sperm.  In B6/J sperm, CD both hinders IVF 
by increasing mitochondrial H2O2 production and promotes IVF by improving the acrosome 
reaction.  These antagonistic roles explain why CD treatment does not follow the strong 
negative correlation between mitochondrial H2O2 production and IVF rates in B6/J.  Co- 450 
administering antioxidants with CD lowered mitochondrial H2O2 production and resulted in 
improved IVF rates compared to CD alone.   
It is unclear why CD causes greater ROS production, but it could be due to elevated 
capacitation-dependent ROS production or the removal of BSA’s antioxidant capacity in CD 
containing media [79, 80]. When we co-administered CD and antioxidants to B6/J sperm, 455 
mitochondrial H2O2 remained above pre-freezing levels and pre-cryopreservation IVF rates 
were not fully restored. This is contrary to the result reported in Takeo et al., where IVF rates 
were fully restored after addition of GSH and CD [8]. Takeo et al., however, utilized TYH 
medium for sperm capacitation, rather than HTF. Other labs have analyzed the components 
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in TYH and HTF and found that media calcium in HTF is detrimental to the IVF of 460 
cryopreserved B6/J sperm [10].  Examination of the effects media calcium and ROS 
production of cryopreserved sperm warrants further investigation. 
The second feature common to strains losing IVF rate after cryopreservation was lipid 
peroxidation of the sperm head membrane. The relationship of sperm head lipid peroxidation 
to loss of IVF of cryopreserved B6/J and B6/N sperm is readily explained with the associated 465 
loss of acrosome reaction in these sperm, and the well-defined susceptibility of this organelle 
to oxidative stress [29, 63]. It is unclear, however, why 129X1 sperm head lipid peroxidation 
is not associated with a reduction in acrosome reaction. 129X1 sperm also had elevated lipid 
peroxidation on the principal piece of the flagellum, consistent with their loss of 
hyperactivation after cryopreservation.  470 
While the source of membrane lipid peroxidation of B6/J sperm can readily be 
accounted for by high levels mitochondrial H2O2, 129X1 and B6/N cryopreserved sperm 
exhibited lipid peroxidation without elevated H2O2, indicating a different pathogenesis. CD 
reduced lipid peroxidation in 129X1 and B6/N cryopreserved sperm, suggesting a direct 
relationship to the failure to remove membrane cholesterol. Efflux of sterols from sperm 475 
membranes is initiated by their oxidation [81], and this has been confirmed to occur in mouse 
sperm [75]. Retained products of sterol oxidation may be directly binding to the lipid 
peroxidation sensor, or they may serve as nucleation sites for peroxidation of adjacent lipid 
groups. It was additionally shown that CD removes oxidized sterols via a different 
mechanism than BSA [75], perhaps accounting their divergent activities with cryopreserved 480 
mouse sperm. CD did not reduce lipid peroxidation in B6/J sperm, but this failure maybe 
accounted for by the even greater burden of mitochondrial H2O2 produced by these sperm 
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with CD present. The presence of lipid peroxidation of the head of cryopreserved mouse 
sperm indicates that incubation with CD prior to IVF will likely improve IVF rates. 
In this chapter we were able to make several conclusions about the determinants of 485 
successful IVF for cryopreserved mouse sperm and the mode of action of compounds that 
improve IVF rate. These conclusions, however, could have been strengthened by 
improvements to our experimental design and methodology. The experimental design could 
have been improved by assessing of a single sperm suspension in all conditions at one time, 
and by using the same cryopreserved samples for all endpoints. However, this was not 490 
possible due to the number of strains and conditions included in our investigation. Parallel 
assessments of all conditions would reduce the possibility that the differences we observed 
were due to sample or technical variability, and strengthen our conclusions about the effects 
of each mouse strain or compound.  
The interpretation of the relevance of some endpoints to IVF could have also been 495 
strengthened by improved coordination the timing of assessments. Some assessments were 
done corresponding at a time to the initiation of IVF, 60 minutes after thaw, and some were 
done at the time approximate of zona pellucida penetration, 90 minutes after thaw (Jeff Gray, 
unpublished data). Extending incubation times for shorter assays to coordinate these 
measurements with the other longer assays would improve the ability to decipher their 500 
relationship with IVF rate.  
Our experimental methods were also confounded by differences in the types of media 
used for different assessments. We used different media for flow cytometry, BWW versus 
HTF, to allow sperm to be incubated in room air rather than air supplemented with 5% CO2. 
Several components differ between HTF and BWW and this could affect sperm function or 505 
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ROS production. There is not a clear solution, however, to reconcile the need for HEPES 
buffered capacitation media for flow cytometry. Typical formulation of HEPES buffered 
HTF does not contain sufficient bicarbonate to initiate capacitation [73, 82], and alteration of 
these formulation could have unintended consequences. Despite the successes of our 
experiments, alterations to experimental design could have improved the impact of our 510 
research and can be incorporated into future investigations.  
 Our findings illustrate the specific deficiencies of cryopreserved sperm that can be 
improved by CD and antioxidants, and expand use of these compounds to two additional 
mouse strains important for biomedical research. This knowledge will be informative when 
these technologies are applied to improving IVF rates of cryopreserved sperm from other 515 
species, mouse strains, or similarly susceptible individuals. Our studies additionally suggest 
that B6/J IVF rates may be improved further by reducing mitochondrial H2O2 to levels found 
in the control strains while simultaneously combating the cholesterol efflux defect of these 
sperm.
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FIGURE LEGENDS 
 
Figure 2-5. Assessment of Acrosome Reaction of Sperm with Cumulus-Oocyte 
Complexes. To assess the physiological acrosome reaction relevant to IVF we observed the 
acrosome status of sperm within COC. Sperm DNA was stained with Hoechst 33342 (blue) 
before IVF and used to count total sperm within the COC. Alexa 488-conjugated soybean 
trypsin inhibitor (green) was used to mark sperm with reacted acrosomes. Images were 
collected at 250X magnification. 
 
Figure 2-2. Detection of Hydrogen Peroxide in Mouse Sperm Using Boronate Small 
Molecule Probes.  Hydrogen peroxide specific boronate probes with different targeting 
groups were used to measure hydrogen peroxide in a variety of cellular contexts. Images 
were collected at 630X magnification. A) Intracellular hydrogen peroxide was detected with 
PF6-AM. B) MitoPY1 was used to detect hydrogen peroxide production from sperm 
mitochondria. C) PG1 is a cell permeable hydrogen peroxide probe, which is also active in 
the extracellular media. Cryopreserved sperm are stained over the entirety of the membrane, 
and fluorescence is present in the surrounding media as well. 
 
FIG. 2-3. Lipid Peroxidation on the Head of B6/J Cryopreserved Sperm Is Associated 
with Reduced Acrosome Reaction within Cumulus-Oocyte Complexes (COC). A) Lipid 
peroxidation assessed by BODIPY 581/591 fluorescence is increased on the head of 
cryopreserved B6/J sperm (arrow) compared to B6129XF1. The membrane staining of at 
least 100 propidium iodide negative sperm were assessed for staining of the sperm head B). 
Increased staining on the head of cryopreserved B6/J sperm compared to the control strain 
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was reduced by antioxidants, but unaffected by CD. Images were collected at 630X 
magnification. C) Assessment of acrosome reaction status of cryopreserved sperm within 
COC. The percentage of sperm with reacted acrosomes is lower for cryopreserved B6/J 
sperm, but restored with CD or antioxidant treatments. Differences were analyzed by two-
tailed, unpaired t-test. Four of the 6 cryopreserved samples used in this study were analyzed 
for each strain and condition, and data are represented as the mean ± SEM. *, **, ***, # 
indicate p < 0.05, 0.01, 0.001, 0.001, respectively, compared to cryopreserved sperm of the 
same mouse strain. 
 
FIG. 2-4. Restoration of IVF Rates of Cryopreserved B6/N and 129X1 Sperm by CD Is 
Associated with Reduced Lipid Peroxidation of the Sperm Head A) IVF rates, measured 
by 2-cell embryo formation of freshly collected and cryopreserved sperm, from B6/N, 
129X1, and control mouse strains FVB/NJ. CD fully restored IVF rates of B6/N and 129X1 
cryopreserved sperm to pre-cryopreservation levels, but antioxidants had no effect on IVF 
rates. The number within each bar indicates the total number of oocytes assessed for 
fertilization in each condition. B) Measurements of mitochondrial H2O2 in viable 
cryopreserved sperm by flow cytometry. H2O2 production was unchanged by 
cryopreservation in B6/N and 129X1 sperm, but increased in FVB/N. CD and GSH increased 
mitochondrial H2O2 production of 129X1 sperm to levels similar to FVB/N. C) Lipid 
peroxidation assessed by BODIPY 581/591 fluorescence is increased on the head of 
cryopreserved B6/N and 129X1 sperm (arrow) compared to B6129XF1, and was reduced by 
CD. Lipid peroxidation was also increased on the principal piece of 129X1 sperm 
(arrowhead). Images were collected at 630X magnification. D) The frequency of lipid 
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peroxidation on the head of cryopreserved B6/N and 129X1 sperm was increased compared 
to FVB/N (p < 0.05), and was reduced by CD in both strains and MTG in B6/N sperm. E) 
Correlation between IVF rate and sperm head lipid peroxidation among all five strains in our 
study indicates a strong relationship between these two endpoints (r= -0.8217). Four of the 6 
cryopreserved samples used in this study were analyzed for each strain and condition, and 
data are represented as the mean ± SEM. *, **, ***, # indicate p < 0.05, 0.01, 0.001, 0.001, 
respectively, by two-tailed, unpaired t-test compared to cryopreserved sperm of the same 
mouse strain. 
 
 
Figure 2-5. Decreased IVF Rates of Cryopreserved B6/J Sperm Are Associated with 
Increased Mitochondrial H2O2, which Is Reduced by Antioxidants. A) IVF rates 
measured by 2-cell embryo formation of freshly collected and cryopreserved sperm from 
B6/J and two control mouse strains. Letters indicate statistically distinct values (p < 0.05) by 
two-tailed, unpaired t-test of four biological replicates. The number within each bar indicates 
the total number of oocytes assessed for fertilization in each condition. B) Measurement of 
mitochondrial H2O2 levels of viable cryopreserved B6/J sperm by flow cytometry. Both 
antioxidants reduced mitochondrial H2O2 levels, and CD increased mitochondrial H2O2 
levels. C) Correlation between IVF rate and mitochondrial H2O2 levels (r= -0.7588) indicates 
a strong relationship between these two endpoints for the control strains and B6/J. 
Differences were analyzed by two-tailed, unpaired t-test. Four of the 6 cryopreserved 
samples used in this study were analyzed for each strain and condition, and data are 
represented as the mean ± SEM. *, **, ***, # indicate p < 0.05, 0.01, 0.001, 0.001, 
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respectively, by two-tailed, unpaired t-test compared to cryopreserved sperm of the same 
mouse strain. 
 
Figure 2-6. Total H2O2, Intracellular H2O2, and Lipid Peroxidation of the Sperm 
Principal Piece Do Not Correlate with IVF Rate. A) Total H2O2 levels of cryopreserved 
B6/J sperm suspensions, assessed by plate reader measurement of PG1 fluorescence. Mouse 
strains responded differently to CD and antioxidatns in a manner not corresponding to IVF 
rate. B) Measurements of intracellular levels of viable cryopreserved B6/J sperm by flow 
cytometry. B6129XF1, B6/J, and B6/N intracellular H2O2 levels were elevated by 
cryopreservation. CD elevated intracellular H2O2 of B6/J and 129X1 above cryopreservation 
alone, and GSH reduced B6/J intracellular H2O2. C) Principal piece lipid peroxidation is 
increased in cryopreserved 129X1 sperm relative to the FVB/NJ (p < 0.05), and reduced by 
CD and MTG. GSH reduced B6/J and B6/N principal piece lipid peroxidation, and CD 
additionally reduced it in B6/N. Four of the 6 cryopreserved samples used in this study were 
analyzed for each strain and condition and data are represented as the mean ± SEM.*, **, 
***, # indicate p < 0.05, 0.01, 0.001, 0.0001 respectively by two-tailed, unpaired t-test 
compared to cryopreserved sperm of the same mouse strain. 
 
Figure 2-7. Total Sperm Number is Consistent Among Strains After Cryopreservation 
and Zona Pellucida Binding Varies on the Basis of Mouse Strain in a Manner 
Unassociated with IVF Rate. A) Sperm binding of the zona pellucida of the oocyte was 
higher for B6129XF1 and B6/J sperm than FVB/NJ and 129X1. B) Total sperm within COC 
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after 30 minutes of co-incubation is similar among all strains after cryopreservation. Four of 
the 6 cryopreserved samples used in this study were analyzed for each strain and condition. 
 
Figure 2-8. Motility Parameters of Cryopreserved B6/J Sperm Are Unaffected by CD 
and Antioxidants. CASA assessment shows of percent motility and CASAnova 
classification of progressive and hyperactivated sperm motility patterns are not altered by CD 
or antioxidants. Data are represented as the mean ± SEM of four biological replicates. 
 
Figure 2-9. Combinations of CD and Antioxidants Do Not Improve IVF Rates of 
Cryopreserved B6/J Sperm More than Antioxidants Alone and CD Diminishes the 
Protective Effect of Antioxidants on H2O2 Production. We investigated the ability of 
combinations of antioxidants and CD to further improve IVF rates A), but we found the 
combination did not produce IVF rates higher than antioxidants alone. The number within 
each bar indicates the total number of oocytes assessed for fertilization in each condition. 
When we analyzed the intracellular B) and mitochondrial C) H2O2 production of 
cryopreserved B6/J sperm incubated with antioxidants and CD we found the protective 
effects of antioxidants were diminished or eliminated, potentially accounting for IVF rates 
remaining unchanged. Data are represented as the mean ± SEM of four biological replicates. 
*, **, ***, # indicate p < 0.05, 0.01, 0.001, 0.0001, respectively, by two-tailed, unpaired t-
test compared to cryopreserved sperm alone.    
 
Figure 2-10. Mouse Strain Specific Inhibition of Capacitation-Dependent Sperm 
Function by Cryopreservation of B6/N and 129X1 is Rescued by CD. A) Assessment of 
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acrosome reaction status of cryopreserved sperm within COC. The percentage of sperm with 
reacted acrosomes is lower for cryopreserved B6/N sperm than FVB/N (P < 0.001), and 
increased by CD or MTG. MTG and GSH also increase the percent of 129X1 sperm 
acrosome reacted. B) CASA assessment of percent motility shows CD increases the percent 
of 129X1 cryopreserved sperm that are motile, but reduced the percentage of B6/N sperm 
motile. CASAnova classification of sperm motility patterns shows a decrease in progressive 
B6/N sperm treated with GSH or CD, and an increase in hyperactivated cryopreserved 
129X1 sperm incubated with CD. Four of the 6 cryopreserved samples used in this study 
were analyzed for each strain and condition, and data are represented as the mean ± SEM. 
Differences between cryopreserved sperm of the same mouse strain were analyzed by two-
tailed, unpaired t-test. *, **, ***, # indicate p < 0.05, 0.01, 0.001, 0.001, respectively. 
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Table 2-1: Summarized Effects of Antioxidants and CD on Loss of IVF After 
Cryopreservation 
Strain Treatment 
Mitochondrial 
H2O2 
Intracellular 
H2O2 
Total 
H2O2 
Head Lipid 
Peroxidation 
Acrosome 
Reaction 
Hyperactivated 
Motility 
B6/J 
MTG   - -     - 
GSH           - 
CD     - -   - 
B6/N 
MTG - -       - 
GSH - -   - - - 
CD - -       - 
129X1 
MTG - -   -   - 
GSH   -   -   - 
CD     -   -   
 : significantly increased;  : significantly decreased; - : unaffected; 
Green indicates changes associated with increased IVF.  
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Figure 2-4!
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Figure 2-5!
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Figure 2-7!
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Figure 2-8!
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Figure 2-9!
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Figure 2-10!
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CHAPTER 3 
 
CRYOPRESERVATION INDUCED ELEVATION OF INTRACELLULAR 
CALCIUM DRIVES MITOCHONDRIAL HYDROGEN PEROXIDE PRODUCTION 
OF MOUSE SPERM  
 
Overview 
The experiments in this chapter were designed to identify specific causes of elevated 
ROS production by cryopreserved mouse sperm. The phenomena of elevated ROS 
production by cryopreserved sperm has been documented in many species, but its 
mechanistic basis is unknown. Identification of mechanisms of increased ROS production in 
cryopreserved sperm could allow intervention upstream of oxidative stress to improve 
cryopreserved sperm quality.  
Sperm cryopreservation is a valuable assisted reproductive technology widely used 
for many species. However, cryopreservation often reduces sperm fertility by inducing a 
variety of cellular stresses. Cryopreservation of sperm has been shown to create oxidative 
stress in the sperm of many mammalian species, but the mechanisms of increased reactive 
oxygen species production are unclear.  The experiments in this section were designed to test 
the hypothesis that elevated intracellular calcium after cryopreservation stimulates ROS 
production of mouse sperm.  This hypothesis arose from the observations that elevation of 
intracellular calcium occurs as a consequence of cryopreservation in some species, and 
intracellular calcium has been linked to ROS production in several biological contexts.
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Initial experiments established that intracellular calcium levels of mouse sper are 
elevated by cryopreservation, and that altering media calcium concentration can modulate 
sperm intracellular calcium.  These experiments demonstrated that omission of or reduction 
of intracellular calcium resulted in reduced mitochondrial hydrogen peroxide production of 
cryopreserved mouse sperm. When media calcium concentration was altered to reduce 
mitochondrial hydrogen peroxide production and support capacitation-dependent sperm 
motility, IVF rates of cryopreserved C57Bl/6J sperm increased. In experiments to validate 
this mechanism, elevation of intracellular calcium by ionophore A23187 in freshly collected 
sperm recapitulated the stimulation of mitochondrial hydrogen peroxide and reduced IVF 
observed in cryopreserved sperm. In addition, the results of these experiments suggest a 
novel mechanism of induction of oxidative stress in cryopreserved sperm, and define a 
tractable system for the prevention of ROS. These findings additionally suggest modulation 
of intracellular calcium may benefit other ROS-mediated sperm pathologies and 
cryopreservation of sperm from other species. 
 
Introduction 
 Cryopreservation of sperm is an important assisted reproductive technology used to 
facilitate reproduction of livestock, laboratory animals, captive wild populations, and humans 
[1]. Sperm cryopreservation induces a variety of cellular stresses often compromising their 
fertility [1-3]. One source of cryopreservation-induced sperm damage is increased production 
of reactive oxygen species (ROS) and oxidative stress [2, 4]. Elevated oxidative stress has 
been demonstrated in cryopreserved sperm from domestic animals [5-8], laboratory animals 
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[9], fish [10], and humans [11]. Despite its conservation among species, the underlying 
causes of oxidative stress after sperm cryopreservation remain unclear.    
 Hypotheses for the causes of elevated ROS production logically begin with other 
changes to cellular physiology associated with cryopreservation. Cryopreservation has been 
shown to increase intracellular calcium in the sperm of some species by disrupting plasma 
membrane organization and selective ion permeability [12-15]. Intriguingly, elevation of 
intracellular calcium has been linked to oxidative stress in other biological contexts. 
Treatment of human and equine sperm with calcium ionophore A23187 increases ROS 
production [16, 17], and irradiation of mouse sperm with visible light stimulates calcium 
influx and ROS production [18]. Within the context of some somatic pathologies, such as 
cardiac reperfusion injury [19] and neurodegenerative disease [20, 21], it has been shown 
that elevation of intracellular calcium stimulates mitochondrial ROS production. These 
studies in other biological contexts indicate a relationship between calcium and ROS 
production in cryopreserved mouse sperm is plausible. 
Recently, we demonstrated that mitochondrial hydrogen peroxide (H2O2) was 
detrimental to IVF of cryopreserved B6/J mouse sperm [9]. There are also publications 
reporting improved IVF of cryopreserved B6/J sperm after capacitation in media lacking 
calcium [22, 23]. These observations led to the hypothesis that elevation of intracellular 
calcium after cryopreservation stimulates the mitochondrial ROS production detrimental to 
IVF of cryopreserved B6/J mouse sperm.  
 In this chapter, experiments were conducted to examine the ability of intracellular 
calcium to modulate ROS production and IVF rates of cryopreserved mouse sperm. To 
investigate this hypothesis, experiments were conducted with sperm from B6/J mice, 
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susceptible to reductions in IVF rate after cryopreservation, and B6129XF1 mice, resistant to 
reductions in IVF rate after cryopreservation.  Specifically, the experiment evaluated if 
inducing elevation of intracellular calcium in freshly collected sperm mimicked the effects of 
cryopreservation on IVF rates in B6/J and B6129XF1 mouse sperm.  These experiments seek 
to identify a mechanism of increased ROS production of cryopreserved sperm, present in 
many species, to potentially create new avenues to design improved cryopreservation 
techniques. 
 
Materials and Methods 
 
Animals, Reagents, and Media 
B6/J mice were obtained from Jackson Laboratories (Bar Harbor, ME) and 
B6129XF1 mice were bred in our animal facilities. All mice were used in accordance with all 
guidelines of the Institutional Animal Care and Use Committee of the University of North 
Carolina at Chapel Hill.  
SYTOX Blue, Pluronic F-127, and Indo1-AM were purchased from Invitrogen. 
Mitochondrial hydrogen peroxide (H2O2) fluorescent probe MitoPY1 was synthesized by the 
laboratory of Dr. Chris Chang at the University of California at Berkeley. Chemicals not 
otherwise mentioned were obtained from Sigma (St Louis, MO).  
Human Tubal Fluid (HTF) purchased from Irvine Scientific (Irvine, CA) was used for 
IVF and zygote culture. For sperm capacitation, HTF was prepared with 2mM CaCl2, 101.6 
mM NaCl, 4.7 mM KCl, 0.37mM KH2PO4, 0.2 mM MgSO4· 7H2O, 25 mM NaHCO3, 4 
mg/ml BSA, 100U penicillin G, 0.1 mg streptomycin, 2.78 mM glucose, 0.33 mM pyruvate, 
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and 21.4 mM lactate, pH 7.4. HTF prepared without CaCl2 was supplemented with additional 
NaCl to equalize media osmolarity. BWW used for flow cytometry incubations in room air 
was formulated with 1.7 mM CaCl2, 91.5 mM NaCl, 4.6 mM KCl, 0.37mM KH2PO4, 1.2 
mM MgSO4· 7H2O, 25 mM NaHCO3, 5 U/ml penicillin G, 5 µg/ml streptomycin, 5.6 mM 
glucose, 0.27 mM pyruvate, and 44 mM lactate, pH 7.4 [24]. For experiments with altered 
calcium concentration capacitation media, 0 mM CaCl2 HTF was  mixed with complete HTF 
by using 100%, 50%, 30% or 0% complete HTF resulting in  2 mM, 1 mM, 0.6 mM, and 0 
mM CaCl2 concentration. HEPES buffered BWW medium calcium content was diluted 
similarly to HTF, resulting in 1.7 mM, 0.85 mM, 0.51 mM, and 0 mM CaCl2 for the 100%, 
50%, 30% or 0% dilutions respectively.  
 
Experimental Design  
The IVF and flow cytometry experiments in this chapter examined four biological 
replicates of cryopreserved sperm after incubation in HTF or BWW media with 4 different 
calcium concentrations, 100%, 50%, 30%, and 0% of the calcium concentration of the 
original media formulation. An individual biological replicate of cryopreserved sperm was 
defined as the straws, approximately 20, resulting from the combined sperm suspension of 2 
male mice. For each biological replicate of flow cytometry and IVF experiments, one straw 
of cryopreserved sperm was thawed and the entire contents used per calcium concentration. 
This experimental design was used to ensure a sufficient quantity of sperm was present for 
flow cytometry, and was carried over into IVF assessments as well. Straws from the same 
biological replicates were used for all endpoints whenever possible, but in some cases the 
number cryopreserved straws remaining was insufficient for all of the endpoints assessed. 
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These instances of insufficient straw numbers for all endpoints occurred in no more than 2 of 
the 4 biological replicates.  
The experimental design of the CASA experiments differed due to the small number 
of sperm necessary for this measurement. CASA experiments in this chapter were conducted 
in parallel by dividing the volume of a single straw amongst 5 different concentrations of 
CaCl2 in HTF, 1 mM, 0.8 mM, 0.6 mM, 0.4 mM, 0.2 mM, 0.1 mM, and 0 mM, for three 
independent cryopreserved samples. Different calcium concentrations in HTF from other 
experiments were used in CASA experiments to attempt to find a threshold for the amount of 
HTF calcium necessary to support capacitation-dependent sperm function.  
Assessments with fresh sperm were also done in parallel. For each biological 
replicate, the sperm suspension form a single mouse was subjected to control, ionophore, and 
ionophore with MTG treatments. Treatment of freshly collected sperm was repeated with 
four different mice of each strain for IVF, intracellular calcium, and mitochondrial H2O2 
assays. 
  
Sperm Cryopreservation 
Sperm were cryopreserved from B6129XF1 and B6/J male mice as previously 
described [9]. Sperm were removed from cauda epididymides and vas deferentia from 2 
mice, and cryopreserved in 20 0.25 ml insemination straws by the Nakagata method [25] 
using optimized cooling conditions described by Stacy et al. [26]. The pooled cryopreserved 
sperm from 2 mice was considered a single biological replicate. The three or four biological 
replicates performed for each endpoint came from separate pools of cryopreserved sperm.   
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Ionophore Treatment of Freshly Collected Sperm 
Sperm were released from cauda epididymides and vas deferentia of 3-6 month old 
B6129XF1 or B6/J male mice into 70 µl of medium, and subsequently diluted 1:1 with 
medium containing 30 µM A23187, 30 µM A23187 and 854 µM monothioglycerol (MTG), 
or containing no additives. Fresh sperm were treated for 10 minutes, and 5 µl of the sperm 
suspensions were then diluted into 200 µl of medium. 15 µM was selected as final 
concentration of ionophore from a dose response study as most representative of 
cryopreservation-induced levels (Fig 3-1A). Treatment of freshly collected sperm was 
repeated with four different mice of each strain for IVF, intracellular calcium measurement, 
and mitochondrial H2O2 experiments. 
 
In Vitro Fertilization 
IVF rates of cryopreserved B6/J and B6129XF1 sperm capacitated in HTF with 2 
mM, 1 mM, 0.6 mM, and 0 mM CaCl2 and freshly collected B6/J and B6129XF1 sperm 
treated with 15 µM A23187 or 15 µM A23187 and 477 µM MTG were determined as 
previously described [9]. IVF sperm suspensions were diluted into 200 µl of HTF, and 
capacitated for 1 hour. Sperm were added to IVF reactions in complete HTF with 4 mg/ml 
BSA at a final concentration of 0.2 million motile sperm per milliliter, irrespective of total 
sperm concentration. The range of sperm in capacitation media added to the IVF varied from 
approximately 10 µl to 50 µl, resulting in greater alteration of IVF media in some IVF 
reactions than others. 2 to 4 cumulus-oocyte complexes from superovulated female 
B6129XF1 female mice containing 10 to 20 oocytes each were added to each IVF. IVF 
reactions were allowed to proceed 4 to 6 hours before oocytes were removed and washed free 
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of debris. Successful fertilization was confirmed by 2-cell embryo formation approximately 
24 hours after IVF. Four biological replicate experiments on independent populations of 
sperm were examined for each HTF concentration and treatment group. 
 
Analysis of Sperm Motility Using CASA 
Computer assisted sperm analysis (CASA) was performed on a Hamilton Thorne 
Biosciences IVOS with software version 12.3B using parameters previously described [27]. 
To examine the effect of varying media calcium concentration on sperm motility patterns, 
sperm from three independent cryopreserved samples were diluted in HTF media with 1 mM, 
0.8 mM, 0.6 mM, 0.4 mM, 0.2 mM, 0.1 mM, and 0 mM CaCl2. Cryopreserved sperm were 
prepared for CASA analysis using 1 µl of thawed cryopreserved sperm diluted with 100 µl of 
capacitation media at each calcium concentration. CASA was assessed at 90 minutes of 
incubation, because this has been shown to be sufficient time to achieve hyperactivated 
motility in a variety of mouse strains [27], and its corresponds with  the time of zona 
pellucida penetration for B6129XF1 cryopreserved sperm (unpublished data). CASAnova 
software was used to classify sperm motility patterns [27]. For analysis of capacitation-
dependent motility, CASAnova hyperactive and intermediate categories were combined [27].  
 
 
 
Measurement of Mitochondrial Hydrogen Peroxide Levels by Flow Cytometry 
Boronate based probe MitoPY1 specifically targeted to mitochondria and flow 
cytometry were used to assess sperm H2O2 as previously described [9, 28]. Briefly, four 
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independent preparations of sperm per strain were stained with MitoPY1 by dilution of 10 µl 
of sperm suspension into 200 µl of BWW with 5 µM MitoPY1. BWW CaCl2 concentration 
was diluted to the same ratio as in the IVF experiments resulting in 1.7 mM, 0.85 mM, 0.51 
mM, and 0 mM CaCl2. Media containing MitoPY1 was removed by centrifugation and sperm 
were resuspended in media with 5 µM SYTOX Blue. Costaining with SYTOX Blue was 
used to exclude membrane permeable cells from analysis. Flow cytometry measurements 
occurred at approximately 60 minutes after thawing with a Beckman-Coulter CyAn (Dako), 
consistent with the time of initiation of IVF. SYTOX Blue staining was assessed using the 
405-nm laser and 450/50 detector, and MitoPY1 [28] measured by the 488 nm laser and 
530/40 detector. Sperm treated with 1mM H2O2 were used as a positive control for MitoPY1 
fluorescence. 
 
Measurements of Intracellular Calcium with Flow Cytometric Analysis of Indol-AM 
Fluorescence 
Sperm intracellular calcium was measured using Indo1-AM [15]. Intracellular 
calcium levels of cryopreserved B6/J and B6129XF1 cryopreserved sperm were examined in 
BWW with 1.7 mM, 0.85 mM, and 0 mM CaCl2. Freshly collected B6/J and B6129XF1 
sperm intracellular calcium levels were examined after a 10 minute treatment with 5 µM, 10 
µM, 15 µM, 20 µM, 25 µM, or 30 µM A23187. Four biological replicates of cryopreserved 
and freshly collected sperm were measured. The Indo1-AM assay was carried out by creating 
an Indo1-AM working solution by mixing a 5 mM stock solution 1:1 with Pluronic F-127, 
and then dilution to 2.5 µM in BWW. 10 µl of sperm suspensions were added to 200 µl of 
BWW containing Indo1-AM, and incubated for 30 minutes at 37 °C. Sperm were then 
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washed by the addition of 1ml of BWW, centrifugation at 300g for 3 minutes, and 
resuspension in 500 µl of BWW with 1 µM SYTOX Blue. Indo1-AM stained sperm were 
incubated for an additional 30 minutes before assessment to allow probe activation, placing 
the timing of measurement by flow cytometry in correspondence with the initiation of IVF 
and mitochondrial H2O2 measurement. Flow cytometry was performed on a Beckton-
Dickinson LSRII cytometer with ten thousand sperm specific events collected. Calcium 
bound Indo1 fluorescence was measured with the 355 nm laser and 450/50 detector, and 
calcium free Indo1 fluorescence by the 355 nm laser and 525/50 detector. SYTOX Blue was 
measured by the 406 nm laser and the 450/50 detector. SYTOX Blue stained sperm were 
excluded from subsequent analysis. Intracellular calcium values generated to correct for 
Indo1-AM loading by calculating the ratio of calcium-bound to calcium-free Indo1 
fluoresence for each sperm with the flow cytometry software [15]. Freshly collected sperm 
with or without 20 µM A23187 served as negative and positive controls for Indo1 staining 
respectively.  
 
Results 
Effects of Cryopreservation and Extracellular Calcium Concentration on Sperm Intracellular 
Calcium Levels 
 The first objective of these experiments was to determine if intracellular calcium was 
altered by cryopreservation in mouse sperm as it had been described in human sperm [29]. 
Flow cytometric analysis of Indo1 fluorescence indicated that intracellular calcium levels 
were elevated in cryopreserved sperm in 1.7M Ca BWW media as compared to unfrozen 
sperm also in 1. 7 M CA BWW media in both B6/J and B6129XF1 mouse strains  (Fig 3-2).  
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In addition, intracellular calcium levels were significantly higher in B6/J cryopreserved 
sperm than B6129XF1, when incubated in complete 1.7 mM BWW media (p < 0.05) (Fig 3-
2). Reducing calcium concentration in BWW media from 1.7M to 0.85 and 0 M 
concomitantly reduced intracellular calcium levels of cryopreserved sperm (Fig 3-2). These 
experiments show that cryopreservation elevates intracellular calcium of mouse sperm 
whereas reducing Ca levels in BWW media reduces intracellular CA levels in thawed, 
previously cryopreserved sperm, which in turn defines a system for manipulating post-
cryopreservation intracellular calcium levels.   
  
Effects of Intracellular Calcium on ROS Production of Cryopreserved Sperm 
 Next the effects of altering intracellular calcium of cryopreserved sperm on 
mitochondrial H2O2 production were examined. Cryopreserved sperm from both strains 
produced less mitochondrial H2O2 when incubated in media lacking calcium (Fig 3-3) and 
this effect also was significant in B6/J strain but not the B6129XF1 strain incubated in BWW 
media with 0.51 mM CaCl2. Mitochondrial H2O2 levels in sperm from both strains incubated 
with 0.85 mM CaCl2 in BWW media did not differ from those seen in sperm incubated at 
1.7M CaCl2 (Fig 3-3). These results indicate that sufficient reduction of intracellular calcium 
can prevent increases in mitochondrial H2O2 production after cryopreservation of mouse 
sperm, and support a role for intracellular calcium in stimulating mitochondrial H2O2 
production. 
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Effects of Intracellular Calcium on Capacitation-Dependent Sperm Motility and IVF of 
Cryopreserved B6/J Mouse Sperm 
The current experiment was designed to determine if there is an optimal concentration 
of calcium in capacitation media that would improve IVF rates in B6/J mice, a strain in 
which IVF rates are reduced with cryopreserved sperm versus fresh sperm. This hypothesis 
arose from previous work demonstrating that elevated mitochondrial H2O2 had detrimental 
effects of on IVF rates of B6/J mouse sperm and current observations that lowering media 
concentration of calcium reduced H2O2 levels without affecting sperm motility.  
The first experiment demonstrated that progressive (Fig 3-5), intermediate (Fig 3-5), 
hyperactivated (Fig 3-5), and total capacitation-dependent motility patterns (Fig 3-6A) of 
B6/J cryopreserved sperm were decreased in media lacking calcium, but were increased by 
CaCl2 content of 0.2 mM or greater in HTF media (Fig 3-3A). Slow motility patterns were 
concomitantly increased for sperm in HTF lacking calcium (Fig 3-5A). Percent motility of 
sperm was not affected by the calcium concentration of HTF (Fig 3-5B). The inability of 
sperm to exhibit capacitation-dependent motility patterns in media lacking calcium is 
consistent with the previously characterized dependence of mouse sperm capacitation and 
hyperactivation on extracellular calcium [30, 31]. 
IVF rates increased when cryopreserved B6/J sperm were capacitated in 0.6 mM 
CaCl2 HTF (Fig 3-5C) as compared to lower IVF rates seen with 0, 1, or 2 mM CaCl2 in HTF 
media. The ability of 0.6 mM CaCl2 HTF to improve IVF is consistent with the reduction 
mitochondrial H2O2 in the 30% dilution of CaCl2 in BWW media and support capacitation-
dependent sperm motility, which other calcium dilutions did not do. This result demonstrates 
modulating intracellular calcium can improve IVF as well as reduce mitochondrial H2O2.  
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Recapitulation of Cryopreservation-Induced Changes to Intracellular Calcium in Freshly 
Collected Sperm 
 After observing a stimulatory role for intracellular calcium in production of 
mitochondrial H2O2 in cryopreserved sperm, an experiment was conducted to determine if   
this finding also applied to freshly collected mouse sperm. To recapitulate cryopreservation-
induced intracellular calcium elevation, freshly collected mouse sperm were treated with the 
calcium ionophore A23817, achieving levels of intracellular calcium similar to 
cryopreservation (Fig 3-6A). Ionophore treatment did not affect sperm viability compared to 
control sperm, but the viability levels resultant of the staining process for flow cytometry 
were low, indicating a potential confounding factor in interpreting these results (Fig 3-1B).  
A second experiment revealed that ionophore treatment elevated mitochondrial H2O2 
production in both freshly collected B6/J and B6129XF1 mouse sperm (Fig 3-6B) and the 
results of a third study demonstrated that addition of the antioxidant MTG reduced 
mitochondrial H2O2 production of ionophore treated freshly collected B6/J sperm (p < 
0.05)(Fig 3-6B), also consistent with its effects after cryopreservation [9]. MTG, however, 
did not affect mitochondrial H2O2 production of ionophore treated freshly collected 
B6129XF1 sperm (Fig 3-6B). Taken together, these results indicate that the effect of 
intracellular calcium on mitochondrial H2O2 production was shared between cryopreserved 
sperm and ionophore treated freshly collected sperm. 
To further examine the role of intracellular calcium-induced mitochondrial H2O2 in 
reduction of IVF rate, an experiment was executed to determine if ionophore treatment 
affected IVF rates in freshly collected B6/J and B6129XF1 sperm (Fig 3-7A). Ionophore 
 79 
treated sperm faithfully recapitulated cryopreservation-induced changes on IVF rates in the 
two mouse strains, reducing the IVF rate of B6/J mouse sperm but not B6129XF1 sperm (Fig 
3-7A). In addition, the IVF rate of ionophore treated B6/J was improved by addition of the 
antioxidant MTG (Fig 3-7A). IVF rates of B6129XF1 sperm were unaffected by ionophore 
treatment or cryopreservation (Fig 3-5A). In summary, combining the data from these 
experiments modulating intracellular calcium in cryopreserved and fresh sperm shows a 
correlation (r= -0.8337) between mitochondrial H2O2 production and IVF rate (Fig 3-7B). 
These results, along with those published earlier (9), support the hypothesis that increasing 
mitochondrial H2O2 reduces IVF rates in B6/J mice.  
 
Discussion  
 The results of the experiments in this chapter demonstrate that intracellular calcium 
stimulates production of mitochondrial H2O2 by cryopreserved mouse sperm, and that 
reducing sperm intracellular calcium levels after cryopreservation can improve IVF rates of 
B6/J mice. When intracellular calcium levels were elevated in freshly collected sperm ROS 
production and IVF rates declined in manner that phenocopy cryopreservation in the B6/J 
mouse strain. 
The Effects of Alterations to Intracellular Calcium on Cryopreserved Mouse Sperm  
 The primary finding of the experiments in this chapter is that elevation of intracellular 
calcium after cryopreservation causes sperm to produce increased mitochondrial H2O2 and 
cryopreservation increases intracellular calcium in mouse sperm, previously only reported in 
other species [14, 15].  
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In addition, intracellular calcium levels of cryopreserved mouse sperm could be 
manipulated by altering media calcium concentration. When sperm intracellular calcium 
levels after cryopreservation were sufficiently reduced, there was a concomitant reduction in 
mitochondrial H2O2 production.  
Furthermore, IVF rates of cryopreserved B6/J sperm increased when the intracellular 
calcium levels remained low enough reduce mitochondrial H2O2, but high enough to support 
capacitation-dependent sperm motility. IVF rates remained low, however, when calcium 
concentrations were insufficient to support capacitation-dependent sperm motility or 
sufficient to drive mitochondrial H2O2 production. In addition, we found that 
cryopreservation intracellular calcium levels were higher in B6/J sperm than B6129XF1 
sperm, potentially contributing to the ROS associated reduction of IVF of B6/J cryopreserved 
sperm [9].  
The interpretation of the result of for different endpoints  with different media is 
complicated  by the fact that 1X BWW and HTF media contain slightly different calcium 
concentration, 1.7 mM and 2 mM respectively.. The differences in calcium concentration 
among the two media does not affect the  statistical comparisons of each  endpoint but one 
cannot clearly attribute the differences to one factor or the other since they both vary across 
media. Additional differences in the formulations of BWW and HTF media further 
complicate the interpretation of the results, however, it was necessary to use  BWW media 
since it is one of few well-established HEPES buffered capacitation media for flow 
cytometry [24, 32]. In contrast, our comparisons of treatments within the same media are not 
confounded in this manner and the results clearly demonstrate  a mechanism by which 
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mitochondrial H2O2 production is elevated after cryopreservation of mouse sperm, and show 
that altering this pathway can improve IVF rates. 
These experiments, however, are not the first to demonstrate that alteration of media 
calcium content can increase IVF rates of cryopreserved B6/J sperm [22]; however, we did 
not replicate the observation that cryopreserved B6/J sperm capacitated in media lacking 
calcium possessed increased IVF rates [22].  In contrast, the experiments in this chapter 
indicate that IVF rates of cryopreserved B6/J sperm were not improved, and capacitation-
dependent sperm motility was significantly lower than those seen in in HTF media lacking 
calcium than complete HTF media with 2mM calcium. This discrepancy could arise from the 
fact that the methods of Suzuki-Migishima et al. 2009 differed appreciably from those used 
in this project, including the use of a shorter capacitation time in calcium free media and a 
swim up step to select motile sperm [22]. For example, the short incubation time in calcium 
free media, 30 versus 60 minutes, used by Suzuki-Migishima et al 2009. may be sufficient to 
prevent the calcium-influx associated oxidative stress seen in results of experiments 
conducted  in this project. The subsequent swim-up in complete HTF used by Suzuki-
Migishima et al 2009 may additionally select capacitated and motile sperm for IVF, and 
overcome the reduction of capacitation-dependent motility in calcium free media observed in 
our experiments. Suzuki-Migishima et al. 2009 also cryopreserved sperm in skim milk free 
cryoprotectant, whereas our experiments were carried out with cryoprotectant containing 3% 
skim milk powder [22]. The calcium content of the skim milk powder in our CPA would 
contribute residual calcium to the capacitation media and the experiments of Suzuki-
Migishima et al. 2009 did not have this confounding effect in media calcium content, and this 
may additionally contribute to our differing results. 
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The Effects of Ionophore Treatment on Mitochondrial Hydrogen Peroxide and IVF of Mouse 
Sperm       
 The results of the next series experiments executed in this project confirmed the 
relationship of intracellular calcium to mitochondrial H2O2 by recapitulating 
cryopreservation-induced changes to intracellular calcium in freshly collected sperm. Brief 
ionophore treatment generated intracellular calcium levels and increased mitochondrial H2O2 
production similarly to cryopreservation.  Furthermore, the addition of the antioxidant MTG 
was able to mitigate mitochondrial H2O2 production induced by ionophore in B6/J sperm, 
effects also seen using cryopreserved sperm [9]. However, the sperm viability measurements 
after processing for flow cytometry highlighted an experimental limitation of these 
experiments. The washing processes necessary to remove extracellular dyes for flow 
cytometry result in relatively low sperm viability. Ideally these measurements would take 
place in sperm not subjected centrifugation stresses, and these effects confound interpretation 
of the data. 
IVF rates were also similarly affected by ionophore treatment and cryopreservation. 
Ionophore treatment reduced IVF of B6/J sperm, but did not alter IVF of B6129XF1 sperm.  
MTG improved IVF rates of ionophore treated B6/J sperm resembling cryopreserved sperm 
[9].These IVF experiments with ionophore treated sperm confirm the association between 
intracellular calcium-induced mitochondrial H2O2 production and IVF observed in our 
cryopreserved sperm. However, elevation of sperm intracellular calcium by ionophore 
impairs sperm function in a number of ways including loss of motility [33], induction of 
spontaneous acrosome reaction [33, 34], and inhibition of protein tyrosine phosphorylation 
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[35]. These additional aspects of sperm function damaged by ionophore also may contribute 
to reduction of IVF rates of ionophore treated sperm. Our data show that MTG is able to 
partially restore IVF rates of ionophore treated B6/J sperm, supporting the interpretation that 
ROS production is one aspect of sperm function negatively affected by excessive 
intracellular calcium. 
 While there are pleotropic effects of intracellular calcium on sperm function, these 
experiments show that stimulation of mitochondrial H2O2 after cryopreservation is an 
additional cellular process dependent on intracellular calcium. Several somatic pathologies 
have previously been attributed to mitochondrial oxidative stress driven by elevated 
intracellular calcium [20, 36], but this relationship had not previously been demonstrated in 
sperm. Sperm mitochondria act as stores of intracellular calcium [37], and may respond to 
the increased intracellular calcium levels after cryopreservation by taking-up calcium to 
attempt to reestablish cellular equilibrium. The level of calcium in the mitochondrial matrix 
regulates respiration rate [38], and ROS production is a byproduct of mitochondrial electron 
transport chain activity [39]. Thus, elevated mitochondrial calcium levels after 
cryopreservation may in turn increase activity and production of ROS byproducts. In future 
studies it would be useful to monitor mitochondrial calcium levels and respiration in sperm to 
determine if these endpoints provide additional insight into the mechanism of ROS 
production after cryopreservation of mouse sperm. 
 Taken together, the experiments described in this chapter, demonstrate that 
intracellular calcium appears to be a regulator of increased ROS production of cryopreserved 
mouse sperm. Our findings present a novel means to eliminate or mitigate oxidative stress of 
cryopreserved sperm.   Since increased ROS production has been shown to occur in sperm 
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from many species, often compromising their fertility, managing intracellular calcium levels 
of cryopreserved sperm may improve IVF outcomes and make sperm cryopreservation 
feasible in species where cryopreserved sperm currently cannot be used for IVF.  
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FIGURE LEGENDS 
 
Figure 3-1. 15 µM A23187 Most Accurately Recreates Intracellular Calcium Levels of 
Cryopreservation and Does Not Affect Sperm Viability. A) B6/J and B6129XF1 sperm 
were briefly exposed to different concentrations of calcium ionophore A23187 and resultant 
intracellular calcium levels were assessed by flow cytometry. 15 µM A23187 treatment 
resembles cryopreservation-induced intracellular calcium levels for both strains (p > 0.05). 
B) Viability assessed by absence of SYTOX Blue staining of untreated and 15 µM A23187 
treated sperm show no difference. Data are represented as the mean ± SEM of four biological 
replicates from the six samples used in this study. 
 
Figure 3-2. Intracellular Calcium is Elevated by Cryopreservation and Can be 
Modulated by Media Calcium Concentration. Measurement of intracellular calcium levels 
by the ratio of Indo-1 calcium bound to calcium free fluorescence by flow cytometry shows 
cryopreservation increases intracellular calcium levels of B6129X1 and B6/J sperm. 
Intracellular calcium levels after cryopreservation can be modulated by the calcium 
concentration of the media. Differences were analyzed by two-tailed, unpaired t-test. Data 
are represented as the mean ± SEM of four biological replicates from the six samples used in 
this study. *, **, ***, # indicate p < 0.05, 0.01,  0.001, 0.0001 , respectively, by two-tailed, 
unpaired t-test compared to cryopreserved sperm of the same mouse strain in 1.7 mM CaCl2 
BWW. 
 
Figure 3-3. Reduction of Intracellular Calcium Concomitantly Reduces Mitochondrial 
H2O2 Production. Reducing intracellular calcium with 0 mM CaCl2 BWW reduces 
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mitochondrial H2O2 production of B6129XF1 and B6/J cryopreserved sperm. Reduction of 
media calcium to 0.51 mM CaCl2 BWW also reduces mitochondrial H2O2 production B6/J 
cryopreserved sperm. Differences were analyzed by two-tailed, unpaired t-test. Data are 
represented as the mean ± SEM of four biological replicates from the six samples used in this 
study. *, **, ***, # indicate p < 0.05, 0.01,  0.001, 0.0001 , respectively, by two-tailed, 
unpaired t-test compared to cryopreserved sperm of the same mouse strain in 1.7 mM CaCl2 
BWW. 
 
Figure 3-4. CASAnova Examination of Cryopreserved B6/J Sperm in Reduced CaCl2 
HTF Shows That Vigorous Motility Patterns are Reduced and Slow Patterns are 
Increased in HTF with 0 mM CaCl2. B6/J cryopreserved sperm in HTF lacking CaCl2 
exhibit reduced intermediate and hyperactive patterns than all other concentrations tested, 
and lower progressive patterns than in 0.4, 0.6, and 0.8 mM CaCl2 HTF. The slow motility 
pattern is concomitantly increased in B6/J cryopreserved sperm in HTF 0 mM CaCl2 
compared to all other concentrations tested. Data are represented as the mean ± SEM of three 
biological replicates. *, **, ***, # indicate p < 0.05, 0.01,  0.001, 0.0001 , respectively, by 
two-tailed, unpaired t-test. 
 
Figure 3-5. Reduced Media Calcium Increases IVF of When Mitochondrial H2O2 
Production is Reduced and Capacitation-Dependent Sperm Motility is Supported. A) 
Classification of B6/J cryopreserved sperm motility patterns by CASAnova analysis shows a 
reduction in capacitation-dependent motility patterns in 0 mM CaCl2 HTF compared to other 
reduced media calcium concentrations. B) Percent motility is unaffected by media calcium 
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concentration after cryopreservation.C) 0.6 mM CaCl2 HTF increases IVF rates of 
cryopreserved B6/J sperm. The numbers listed within each bar represents the total number of 
oocytes assessed during four biological replicates of IVF. Differences were analyzed by two-
tailed, unpaired t-test. Data are represented as the mean ± SEM of four biological replicates 
for IVF experiments and three biological replicated for motility experiments of the six 
samples used in this study. *, **, ***, # indicate p < 0.05, 0.01,  0.001, 0.0001 , respectively, 
by two-tailed, unpaired t-test compared to 1X cryopreserved sperm in 2.0 mM CaCl2 HTF. 
 
Figure 3-6. Ionophore Treatment Elevates Intracellular Calcium Similarly to 
Cryopreservation and Elevates Mitochondrial H2O2 Production. A) Brief ionophore 
treatment of fresh sperm increases intracellular calcium to levels similar to cryopreservation 
in B6129XF1 and B6/J sperm. B) Ionophore treatment also increases mitochondrial H2O2 
production of B6129XF1 and B6/J cryopreserved sperm. MTG partially reduces the 
ionophore-induced elevation of mitochondrial H2O2 production of B6/J fresh sperm. 
However, MTG has no effect this endpoint in B6129XF1 sperm. Differences were analyzed 
by two-tailed, unpaired t-test. Data are represented as the mean ± SEM of four biological 
replicates from the six samples used in this study from the six samples used in this study. *, 
**, ***, # indicate p < 0.05, 0.01,  0.001, 0.0001 , respectively, by two-tailed, unpaired t-test 
compared to Control sperm of the same mouse strain. 
 
Figure 3-7. Ionophore Treatment Recapitulates the Affects of Cryopreservation on IVF, 
and IVF Rates Correlate with Mitochondrial H2O2 Levels. A) Both sperm ionophore 
treatment and cryopreservation reduce IVF rates in B6/J mice whereas B6129XF1 IVF IVF 
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rates were unaffected by either cryopreservation or ionophore treatment.   In addition, 
treatment with the antioxidant MTG mitigates the adverse effects of both factors, ionophore 
treatment and cryopreservation, on IVF rates in B6/J mice. The numbers listed within each 
bar represents the total number of oocytes assessed during four biological replicates of IVF. 
B) Data from our experiments modulating intracellular calcium in cryopreserved and 
ionophore treated sperm show a strong correlation between mean values for the strains and 
conditions tested for mitochondrial H2O2 production and IVF rate (r= -0.8337), albeit not 
proof of a causal relationship. Differences were analyzed by two-tailed, unpaired t-test. The 
numbers listed within each bar represents the total number of oocytes assessed during three 
biological replicates of IVF. Data are represented as the mean ± SEM of four biological 
replicates from the six samples used in this study. *, **, ***, # indicate p < 0.05, 0.01,  
0.001, 0.0001 , respectively, by two-tailed, unpaired t-test compared to Control sperm of the 
same mouse strain.1- Data adapted from Chapter 2 of this dissertation for visual comparison. 
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Figure 3-2!
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Figure 3-3!
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Figure 3-4!
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Figure 3-5!
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Figure 3-6!
A!
B
B
6129XF1 Fresh
B
6129XF1 Fresh Ionophore
B
6129XF1 C
ryo
B
6/J Fresh
B
6/J Fresh Ionophore
B
6/J C
ryo
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
50000
R
a
ti
o
 o
f 
In
d
o
1
 C
a
lc
iu
m
 B
o
u
n
d
 t
o
 I
n
d
o
1
 C
a
lc
iu
m
 F
re
e
!" !"
!" !"
B
6129XF1 Fresh
B
6129XF1 Fresh Ionophore
B
6129XF1 Fresh Ionophore+M
TG
B
6/J Fresh
B
6/J Fresh Ionophore
B
6/J Fresh Ionophore+M
TG
0
10
20
30
40
50
60
70
80
90
M
it
o
c
h
o
n
d
ri
a
l 
H
y
d
ro
g
e
n
 P
e
ro
x
id
e
 (
M
e
a
n
 I
n
te
n
s
it
y
)
!!!"
!"
!!!"
 99 
 
Figure 3-7!
A
B!
B
B
B
B
B
B
B
B
B
B
0
10
20
30
40
50
60
70
80
90
100
0 10 20 30 40 50 60 70 80 90
F
e
rt
il
iz
a
ti
o
n
 R
a
te
 (
%
 2
-c
e
ll
)
Mitochondrial Hydrogen Peroxide (RLU)
!"#"$%&'(()"
B6129XF1 C
ryo
FVB/N
J C
ryo
129X1 C
ryo
129X1 + M
TG
129X1 + G
SH
129X1 + C
D
0
10
20
30
40
50
60
70
80
B6129XF1
B6/J
1!
1!1!
B
6129XF1 Fresh
B
6129XF1 Fresh Ionophore
B
6129XF1 C
ryo
B
6/J Fresh
B
6/J Fresh Ionophore
B
6/J Fresh Ionophore+M
TG
B
6/J C
ryo
B
6/J C
ryo+M
TG
0
10
20
30
40
50
60
70
80
90
100
F
e
rt
il
iz
a
ti
o
n
 R
a
te
 (
%
 2
-c
e
ll
)
!" !!!"
'*" +)" )," )-" '*" '%" (,." .)*"
 100 
CHAPTER 4 
 
METABOLIC SUBSTRATE COMPOSITION IN CAPACITATION MEDIA ALTERS 
ROS PRODUCTION AND SPERM FUNCTION OF CRYOPRESERVED SPERM 
 
Overview 
This chapter contains preliminary experiments that investigated how the energetic 
substrate composition of sperm capacitation media affects ROS production, sperm motility, 
and IVF. Previous publications show utilizing TYH sperm capacitation media rather than 
HTF results in higher IVF rates with CD present for cryopreserved B6/N mouse sperm. 
These media only differ in a few components and among those are differences in the 
energetic substrate composition and concentration.  The objective of these experiments was 
to test the hypothesis that the energetic substrate composition differences were the cause of 
changes to IVF rates. These preliminary experiments do not contain all of the proper controls 
groups to make definitive conclusions about IVF, but these data were included in this 
dissertation to indicate this area is suitable for more rigorous investigation.  
 
Introduction 
  Experiments from our laboratory have implicated H2O2 produced specifically from 
mitochondria in the loss of IVF by cryopreserved B6/J mouse sperm [1]. Chapter 3 of this 
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dissertation includes evidence that mitochondrial H2O2 production may be stimulated by 
elevation of intracellular calcium after cryopreservation. Mitochondria produce ROS as a 
byproduct of metabolic activity [2], and intra-mitochondrial calcium levels influences their 
metabolic rate [3]. Sperm mitochondria can act as stores of calcium to regulate intracellular 
calcium levels [4], which could in turn increase their metabolic rate and ROS production. 
Therefore, mitochondrial metabolism may play a role in reduction of IVF rates of B6/J sperm 
after cryopreservation. 
 Large differences exist among mammalian sperm in their relative reliance on 
glycolysis or oxidative phosphorylation for energy production, and glycolysis is predominant 
in mouse sperm [5]. Most IVF media contain mitochondrial energetic substrates pyruvate and 
lactate, but these substrates are dispensable for capacitation, hyperactivation, and IVF of 
mouse sperm [6, 7]. This led us to investigate if removal of mitochondrial energetic 
substrates from cryopreserved mouse sperm capacitation media could reduce mitochondrial 
H2O2 production and increase IVF rates.  
There are data in the literature indicating capacitation media composition of 
cryopreserved sperm can alter IVF rates, and the media types tested differ in energetic 
substrate composition. TYH media has been shown to improve IVF rates of cryopreserved 
B6/N sperm, and has subsequently been incorporated into many IVF protocols B6/J sperm 
[8-11]. TYH medium contains twice the glucose, one and a half times the pyruvate, and no 
lactate compared to conventionally used HTF medium [12-14]. Based on these differences, 
we hypothesized that the substrate composition of TYH media altered sperm function and/or 
ROS production and that substrates that improved sperm function and reduced ROS 
production would improve IVF rates with CD. 
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 Experiments were designed to test two hypotheses; that 1) mitochondrial metabolic 
substrates are necessary for mitochondrial H2O2 production by B6/J sperm and 2) that the 
energetic substrate composition of TYH media could be altered to beneficially alter sperm 
function and IVF. A summary of the experiments conducted to investigate these hypotheses 
as well as their results and conclusions can be found in Table 1. 
 
Material and Methods 
 
Animals, Reagents, and Media  
       B6/J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and B6129XF1 
mice were bred in our animal facilities. Mice were used in accordance with all guidelines of 
the Institutional Animal Care and Use Committee of the University of North Carolina at 
Chapel Hill.  
         SYTOX Blue was purchased from Invitrogen. Hydrogen peroxide (H2O2) fluorescent 
probe MitoPY1 was synthesized by the laboratory of Dr. Chris Chang at the University of 
California at Berkeley. Chemicals not otherwise mentioned were obtained from Sigma (St 
Louis, MO).  
       HTF was prepared with 2mM CaCl2, 101.6 mM NaCl, 4.7 mM KCl, 0.37mM KH2PO4, 
0.2 mM MgSO4· 7H2O, 25 mM NaHCO3, 100U penicillin G, 0.1 mg streptomycin, 2.78 mM 
glucose, 0.33 mM pyruvate, and 21.4 mM lactate, pH 7.4. TYH was prepared with 1.71 mM 
CaCl2, 119.37 mM NaCl, 4.78 mM KCL, 1.19 mM KH2PO4, 1.19 mM MgSO4· 7H2O, 25.07 
mM NaHCO3, 5.56 mM glucose, 0.5 mM pyruvate, pH 7.4 [12]. BWW, used for flow 
cytometry incubations in room air, was formulated with 1.7 mM CaCl2, 91.5 mM NaCl, 4.6 
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mM KCl, 0.37mM KH2PO4, 1.2 mM MgSO4· 7H2O, 25 mM NaHCO3, 5 U/ml penicillin G, 5 
µg/ml streptomycin, 5.6 mM glucose, 0.27 mM pyruvate, and 44 mM lactate, pH 7.4 [15]. 
HTF and BWW utilized for sperm capacitation were modified to remove or alter the 
composition of oxidative phosphorylation substrates. In these cases additional NaCl was 
added to the media to equalize osmolarity with the complete formulation. Osmolarity among 
the different types of media, HTF, TYH, and BWW were not equalized or measured. Media 
were supplemented as indicated with either 4 mg/ml fatty acid free BSA or 0.75 mM CD and 
1 mg/ml poly-vinyl alcohol.  
 
Sperm Cryopreservation 
Sperm were cryopreserved from B6129XF1 and B6/J male mice as previously 
described [1]. Sperm from the cauda epididymides and vas deferentia from 2 mice were 
utilized for a single sample and cryopreserved in 20 0.25 ml insemination straws by the 
Nakagata method [16] with the optimized cooling rate described by Stacy et al. [17]. A single 
cryopreserved sample, containing sperm from two male mice, was utilized as an individual 
biological replicate for any given endpoint. Three or four experimental replicates were 
performed on sperm cryopreserved from different mice of the same strain and age range. 
 
Evaluation of the Effects of Altering BWW Mitochondrial Substrates on Hydrogen Peroxide 
Levels of B6/J and B6129XF1 Cryopreserved Sperm 
Sperm mitochondrial H2O was measured using a boronate based probe, MitoPY1, and 
flow cytometry as previously described [1, 18-20]. Sperm suspensions for mitochondrial 
H2O2 analysis were prepared by thawing 2 straws of cryopreserved sperm and placement of 2 
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µl of the sperm suspension in 100 µl of each BWW formulation with 4 mg/ml BSA. This 
preparation was repeated with 4 different cryopreserved samples. Sperm were incubated for 
30 minutes with MitoPY1 and washed by centrifugation. Flow cytometry was performed at 
approximately 90 minutes after thawing corresponding to the measurements of motility, and 
zona pellucida penetration of cryopreserved B6129XF1 sperm (unpublished observation). 
Mitochondrial H2O2 was assessed at a later point in time in these experiments due to the large 
number samples and incubation conditions. 
Flow cytometry analyses were performed on a Beckman-Coulter CyAn (Dako). 
SYTOX Blue staining was assessed using the 405-nm laser and 450/50 detector, and 
MitoPY1 [1] measured by the 488 nm laser and 530/40 detector. SYTOX Blue stained sperm 
with permeable membranes were excluded subsequent analysis. Sperm treated with 1mM 
H2O2 were used as a positive control for MitoPY1 fluorescence. BWW media was used 
staining and analysis for flow cytometry experiments due to the need for a HEPES buffering.  
 
Evaluation of the Effects of Altering HTF Energetic Substrates on Sperm Motility of B6/J 
Cryopreserved Sperm 
Computer assisted sperm analysis (CASA) was performed on Hamilton Thorne 
Biosciences IVOS with software version 12.3B using parameters as described herein [21]. 
CASA experiments comparing media composition were conducted by thawing a straw of 
cryopreserved B6/J sperm and adding 1 µl of the sperm suspension to 100 µl of each media 
formulation with 4 mg/ml BSA and independent. Sperm incubations were repeated with 4 
different samples. Sperm were incubated for 90 minutes before CASA assessment. This time 
point was chosen, because it has been shown to be sufficient time to achieve robust 
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hyperactivated motility in a variety of mouse strains [21], and its correspondence to the time 
of zona pellucida penetration for B6129XF1 cryopreserved sperm (J.G., unpublished data). 
CASAnova software was used to classify sperm motility patterns [21]. For examination of 
capacitation-dependent motility CASAnova hyperactive and intermediate categories were 
combined [21].  
 
Evaluation of the Effects of Altering HTF Energetic Substrates on In Vitro Fertilization Rates 
of B6/J Cryopreserved Sperm 
Cryopreserved B6/J sperm were prepared for IVF by thawing a straw of sperm and 
adding 1 µl of the sperm suspension to 100 µl of each of the various capacitation media. IVF 
experiments in complete HTF were not carried out in parallel with these experiments, and 
data from Chapter 2 of this dissertation are displayed only for visual purposes. Sperm 
remained in capacitation media for 1 hour when BSA was present in the media, and 30 
minutes when CD was present in the media. Sperm were then added to IVF drops at a final 
concentration of 0.2 million motile sperm per milliliter. The range of volume of capacitation 
media added to the IVF varied from 10 µl to 50 µl depending on the motile sperm 
concentration, resulting in greater alteration of IVF media composition in some IVF reactions 
than others. Cumulus-oocyte complexes from superovulated female B6129XF1 female mice 
were added IVF reactions in complete HTF with BSA 1 hour after sperm thaw. 2 to 4 
cumulus-oocyte complexes containing approximately 10 to 20 oocytes each were used in 
each IVF reaction [1]. IVF reactions were allowed to proceed 4 to 6 hours before 
presumptive zygotes were removed and washed free of debris. Successful fertilization was 
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defined as formation of a 2-cell embryo approximately 24 hours after IVF cultured in 
complete HTF medium with BSA.  
 
Results 
Effects of Removing Mitochondrial Substrates from Cryopreserved Sperm Capacitation 
Media 
The first experiments examined the role of mitochondrial metabolism in H2O2 
production by measuring MitoPY1 fluorescence of cryopreserved B6/J and B6129XF1 sperm 
in BWW with altered substrate composition with flow cytometry. Removal of pyruvate and 
lactate from BWW resulted in reduced mitochondrial H2O2 production by both strains (Fig 4-
1). By adding back only lactate to BWW media, mitochondrial levels were similar to 
complete BWW media, whereas adding pyruvate alone significantly elevated H2O2 levels of 
both strains (Fig 4-1). The magnitude of MitoPY1 fluorescence and scale of the Y-axis in this 
figure differs from our previous publication [1] due longer incubation time after staining 
resultant of the number of conditions per biological replicate.   
A second series of experiments examined the ability of media with modified 
mitochondrial substrate composition to modulate sperm function. HTF containing only 
glycolytic substrates supported capacitation-dependent motility similarly to complete HTF 
(Fig 4-2).  However, when only lactate was added to HTF media, capacitation-dependent 
motility patterns were reduced as compared to complete HTF (Fig 4-2). Conversely, when 
pyruvate was present in HTF as the only mitochondrial substrate, capacitation-dependent 
motility was increased as compared to complete HTF (Fig 4-2).  
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The effects of capacitation in HTF lacking mitochondrial energetic substrates on IVF 
of cryopreserved B6/J sperm was tested based upon the ability of this medium to reduce 
mitochondrial H2O2 and support capacitation-dependent motility. When IVF was determined 
with sperm capacitated in HTF lacking pyruvate and lactate, IVF rates of approximately 30% 
resulted for cryopreserved B6/J sperm compared to approximately 20% for complete HTF 
from Chapter 2 (Fig 4-3). This is consistent with the negative relationship between this ROS 
and IVF observed in our other studies. However, parallel comparisons of IVF in the different 
media formulations would be necessary to draw any definitive conclusions. Summarized 
results of these experiments investigating the removal of mitochondrial energetic substrates 
on cryopreserved sperm function can be found in Table 1. 
 
Role of Substrate Composition in the Differential Effects of TYH and HTF Media 
The potent effects of energetic substrates on sperm function and the differential 
composition of these components of HTF and TYH media, led us to investigate if these 
changes were responsible for higher IVF rates for sperm capacitated with CD. First the 
effects of altering substrate composition on capacitation-dependent motility in HTF, TYH, 
and HTF media altered to contain the concentrations of lactate, pyruvate, and glucose present 
in TYH were examined. The percentage of sperm exhibiting hyperactive (Fig 4-2A) and 
capacitation-dependent (Fig 4-2B) motility were reduced for cryopreserved sperm in HTF 
compared to unfrozen sperm in HTF, but not for cryopreserved sperm in TYH, HTF 
reproducing the substrates of TYH, or HTF lacking lactate (Fig 4-2). Moreover, HTF altered 
to resemble TYH or lacking lactate produced a significantly higher percentage of sperm with 
hyperactive (Fig 4-2A) and total capacitation-dependent motility (Fig 4-2B) patterns than 
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fresh sperm in HTF (p < 0.05)(Fig 4-2B). Percent motility, however, was reduced for sperm 
incubated in TYH or HTF resembling TYH (Fig 4-2C). Percent motility and progressive 
motility patterns were reduced for all incubation conditions of cryopreserved sperm 
compared to unfrozen sperm (p < 0.05)(Fig 4-2A,C). 
 A final series of experiment examined IVF of cryopreserved sperm after capacitation 
by CD in the various media formulations. TYH or HTF altered to contain the substrate 
composition TYH resulted in mean IVF rates of around 50% as opposed to the mean IVF 
rates of approximately 35% we obtained for CD in unaltered HTF in Chapter 2 (Fig 4-3). 
HTF lacking lactate with CD resulted in mean IVF rates of about 30%, despite creating high 
levels capacitation-dependent motility (Fig 4-2, 3). These data indicate that the changes in 
substrate compositions and concentration between of TYH and HTF are sufficient to generate 
similar IVF rates. The interpretation of these preliminary experiments is limited due to the 
lack of concurrent IVF in all media conditions. The potential conclusions from this 
investigation could be appreciably broadened by the inclusion of concurrent experiments in 
complete HTF in the design. A summary of the results of these experiments investigating the 
differential energetic substrates makeup of HTF and TYH media on cryopreserved sperm 
function can be found in Table 1. 
 
Discussion 
The results of experiments described in this chapter demonstrate two ways that 
energetic substrate composition of cryopreserved sperm capacitation media alters sperm 
function. First, that mitochondrial H2O2 production is dependent on the presence of energetic 
substrates of oxidative phosphorylation. Second, the IVF rates of TYH media with CD can be 
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recreated by altering the energetic substrate composition and concentrations of HTF to 
resemble TYH. A summary of the results and conclusions of the experiments in this chapter 
can be found in Table 1. 
 The first series of experiments in this chapter investigated the hypothesis that 
mitochondrial substrates are required for elevated mitochondrial H2O2 production of 
cryopreserved sperm Results indicated that omission of pyruvate and lactate from sperm 
capacitation media reduced mitochondrial H2O2 production of both B6/J and B6129XF1 
cryopreserved sperm. Moreover, omission of mitochondrial metabolic substrates generated 
IVF rates of approximately 30% for cryopreserved B6/J sperm compared to approximately 
20% for complete HTF from Chapter 2. These data are consistent with the detrimental action 
of mitochondrial ROS on IVF demonstrated in the preceding chapters of this dissertation. 
Intra-mitochondrial calcium level influences the rate of metabolism and sperm mitochondria 
can act as stores of calcium [3, 4]. Sperm mitochondria may react to the influx of 
intracellular calcium after cryopreservation by sequestering calcium, which could 
subsequently elevate their metabolic rate and ROS production. These experiments, however, 
did not concurrently test IVF in compete HTF and HTF lacking mitochondrial metabolic 
substrates, and these side by side comparisons are necessary to fully interpret the role of 
mitochondrial metabolic substrates on IVF of cryopreserved B6/J sperm. Additional tests of 
mitochondrial respiration rates and mitochondrial calcium levels after cryopreservation may 
be useful data to help interpret the relationship of mitochondrial metabolism to IVF after 
cryopreservation.  
 The interpretation of these experiments is hindered by some of the technical details 
inherent to the assays. BWW media buffered with HEPES was necessary for flow cytometry 
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assays to stabilize pH during assessment. BWW contains higher concentrations of all three 
energetic substrates, glucose, lactate, and pyruvate, and also differs in concentration of other 
components. The differences in energetic substrate concentration make it difficult to interpret 
if the magnitude of substrate-dependent changes in HTF is as large as what was observed in 
BWW. Alternate experimental design in which sperm were stained in HTF and assessed in 
BWW may help address the magnitude or presence of the changes in HTF, but would 
introduce a switch in media type during the assay that would also confound results.      
 The second question addressed in this chapter is why does TYH media result in 
higher IVF rates than HTF when CD is used for sperm capacitation [8]. Based on the 
dissimilar components between TYH and HTF media, we tested the hypothesis   
that varying the energetic substrates  in the two media would alter sperm function and IVF 
rates. Compared to HTF, TYH contains twice the glucose, 1.5 times as much pyruvate, and 
lacks lactate [12-14]. When the substrate composition of HTF was altered to resemble TYH, 
IVF rates were similar to those seen with sperm capacitated in TYH. Furthermore, the mean 
IVF rates with TYH or altered HTF of approximately 50% are similar to those reported by 
Takeo et al. [10], who reported approximately 60% IVF rates of CD in TYH, as opposed to 
the  35% IVF rate of CD in complete HTF in Chapter 2. These data suggest that these 
energetic substrate concentrations and combinations are beneficial for IVF with CD, and may 
be the cause of the discrepancy in IVF with the two media. These preliminary experiments, 
in which conditions were not run concurrently with identical sperm populations, are not 
sufficient to show causality, however. Further experiments incorporating a wider range of 
substrate compositions in HTF may allow conclusions on how energetic substrates influence 
IVF of cryopreserved B6/J sperm capacitated with CD. 
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 In addition, experiments were executed to determine what factors might be 
responsible for the improvement in IVF rates when the energetic substrate composition of the 
medium was enhanced, additional experiments examined the effects of varying medium 
energetic substrate composition on cryopreserved sperm motility and hyperactivation of 
sperm. The results of these experiments indicated that capacitation-dependent motility 
patterns of cryopreserved sperm in HTF medium were reduced compared to unfrozen sperm, 
but not in TYH. Furthermore, when HTF medium was altered to recapitulate the substrate 
composition and concentrations of TYH, the levels of capacitation-dependent motility 
patterns in cryopreserved sperm were higher than unfrozen sperm in HTF or cryopreserved 
sperm in TYH. Percent motility was reduced in TYH or TYH-like media, but equal numbers 
of motile sperm are added to each IVF, potentially minimizing the impact of this reduction 
on IVF. These experiments demonstrate that the substrate composition of TYH is beneficial 
for the development of capacitation-dependent motility of cryopreserved sperm.  
Previous studies indicated that, CD increased IVF rate despite elevating 
mitochondrial H2O2. The data in this chapter suggest that TYH media may additionally 
improve capacitation-dependent motility in the presence of oxidative stress. In BWW media 
resembling TYH with glucose and pyruvate present and lactate omitted, mitochondrial H2O2 
was elevated beyond complete HTF for both B6/J and B6129XF1 cryopreserved sperm, but 
capacitation-dependent motility of B/j sperm increased as well. Glucose concentrations are 
quite similar between BWW and TYH, but pyruvate is nearly twice in TYH as BWW.    
Since experiments herein did not directly test mitochondrial H2O2 production in BWW 
medium by addition of the specific substrate concentrations of TYH, it is possible that these 
specific concentrations of substrates in BWW affect mitochondrial H2O2 production 
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differently and the results do not extrapolate to TYH. A more in depth analysis of ROS 
production of cryopreserved sperm in TYH or TYH-like media would assist the 
interpretation of the relationship of these changes to sperm function to oxidative stress. 
 These experiments attempted to determine if the effects of the energetic substrate 
changes between TYH and HTF were due solely to the omission of lactate. HTF with lactate 
removed generated lower IVF rates as a capacitation media with CD present then TYH or 
TYH-like HTF. This demonstrates that the omission of lactate is not sufficient to alter IVF 
rates, and suggests that increased concentrations of pyruvate and glucose in TYH are also 
necessary for increased IVF rates. Further experiments with lactate omitted and only glucose 
or pyruvate concentration of HTF altered to resemble TYH could define the role of either 
substrate in increased IVF rates. Removing lactate from HTF did increase hyperactivation 
compared to complete HTF, suggesting the effects of TYH-like substrate composition on 
capacitation are not limited to just motility. Increased capacitation-dependent motility in 
media with lacking lactate is consistent with previously observed delays in hyperactivation 
and capacitation of CF1 mouse sperm due to lactate [22]. These experiments indicate that a 
wider array of aspects of sperm function necessary for IVF than just sperm motility must as 
investigated to understand how altered substrate compositions affect IVF of cryopreserved 
mouse sperm.   
 A confounding factor present in all of these substrate experiments is contamination 
with substrates from epididymal fluid and cryoprotectant media. Epididymal fluid contains 
energetic substrates are released along with sperm from the cauda epididymis, and the 
dilutions employed in these experiments are not sufficient to remove all substrates present in 
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the epididymal fluid [7]. Similarly, the skim milk and raffinose based cryoprotectant solution 
contributes substrates to the capacitation media as well [16].      
 The preliminary experiments in this chapter present how energetic substrates 
influence ROS generation, motility, and IVF of cryopreserved mouse sperm. Altering 
capacitation media to remove all substrates oxidative phosphorylation reduced mitochondrial 
H2O2 production and may increase IVF rates. This chapter also presents data to support that 
energetic substrate composition and concentrations of TYH media improve IVF rates with 
CD present. We additionally show that lactate present in capacitation media retards 
cryopreserved sperm capacitation-dependent motility. These data suggest that IVF of freshly 
collected mouse sperm may also benefit from altering substrate composition for sperm 
capacitation. This approach could be particularly beneficial for mouse strains with less robust 
hyperactivation rates.
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FIGURE LEGENDS 
 
Figure 4-1: Removal of Mitochondrial Substrates from Sperm Capacitation Media 
Decreases Mitochondrial H2O2, but Removal of Only Lactate Increases Mitochondrial 
H2O2 of Cryopreserved Sperm from B6/J and B6129XF1 Mouse Strains. Quantitation of 
MitoPY1 fluorescence by flow cytometry shows removal of all mitochondrial substrates 
reduces mitochondrial H2O2 production of both B6129XF1 and B6/J mice. Conversely, when 
only lactate is omitted and pyruvate is present mitochondrial H2O2 production is increased in 
cryopreserved sperm of both strains. Data are represented as the mean ± SEM of four 
biological replicates. *, **, ***, # indicate p < 0.05, 0.01, 0.001, 0.0001, respectively, by 
two-tailed, unpaired t-test compared to cryopreserved sperm in complete BWW, labeled 
“Cryo”,  of the same strain. 
 
Figure 4-2:  Altered Energetic Substrates of TYH Medium Increases Hyperactive and 
Capacitation-Dependent Motility Patterns, but Reduces Percent Motility of 
Cryopreserved B6/J Mouse Sperm. CASA of cryopreserved sperm after 90 minutes of 
incubation in various media types. A) CASAnova analysis of cryopreserved B6/J mouse 
sperm in various media show hyperactive motility patterns are reduced by cryopreservation 
in HTF. Cryopreserved sperm hyperactive patterns are increased in HTF lacking lactate, 
TYH medium, or HTF altered to resemble TYH. Progressive motility patterns are reduced in 
all cryopreserved sperm compared to unfrozen B6/J sperm. B) Summed capacitation-
dependent motility patterns are altered by media formulation similarly to hyperactive motility 
patterns. C) Percent motility assessment of sperm in different media types shows reduced 
percent motile sperm in TYH or HTY media resembling TYH media. Data are represented as 
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the mean ± SEM of four biological replicates. *, **, ***, # indicate p < 0.05, 0.01, 0.001, 
0.0001, respectively, by two-tailed, unpaired t-test compared to cryopreserved sperm in 
complete HTF media, labeled “Cryo HTF” except when bars indicate a different comparison. 
 
Figure 4-3: In Vitro Fertilization (IVF) of B6/J Mouse Cryopreserved Sperm 
Capacitated with BSA in HTF Media Lacking Mitochondrial Substrates, and the 
Energetic Substrate Composition of TYH Medium Equalizes IVF with CD. When 
cryopreserved B6/J sperm are capacitated with BSA, removal of lactate and pyruvate from 
HTF generated greater mean IVF rates than complete HTF as reported in Chapter 2. When 
CD is used for capacitation, however, TYH or HTF altered to contain the energetic substrates 
generate similar IVF rates, in contrast with the complete HTF with CD IVF rates from 
Chapter 2. The numbers listed within each bar represents the total number of oocytes 
assessed during three biological replicates of IVF. Data are represented as the mean ± SEM 
of three biological replicates. 1- Data adapted from Chapter 2 of this dissertation for visual 
purposes.
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Table 4-1: Chapter 4 Summary of Findings 
Energetic 
Substrate 
Changes 
Endpoint 
Assessed 
Strains 
of Mice 
Used 
Sample 
Size 
Results Conclusions 
Removal of 
Mitochondrial 
Substrates 
Mitochondrial 
H2O2 
B6/J and 
B6129XF
1 
4 
Reduced in both 
strains compared to 
complete BWW. 
Figure 4-1 
Elevated mitochondrial 
H2O2 production after 
cryopreservation is 
dependent on 
mitochondrial substrates. 
CASA B6/J 4 
Capacitation-
dependent motility 
similar to complete 
HTF.  Figure 4-2B 
HTF lacking 
mitochondrial substrates 
can support capacitation-
dependent motility. 
IVF B6/J 3 
IVF rates of ~30%. 
Figure 4-3 
Comparing IVF after 
capacitation in HTF with 
and without 
mitochondrial substrates 
warrants further 
investigation. 
HTF to 
Resemble 
TYH 
CASA B6/J 4 
Capacitation-
dependent motility 
increased, but 
percent motility 
decreased in TYH 
and altered HTF 
compared to 
complete HTF. 
Figure 4-2 
The energetic substrate 
composition and 
concentrations of TYH 
media are favorable for 
capacitation-dependent 
motility of cryopreserved 
B6/J sperm. 
IVF B6/J 3 
IVF rates in TYH 
and altered HTF 
are similar with CD 
present. 
Figure 4-3 
The effects of energetic 
substrate composition on 
IVF after CD-mediated 
capacitation warrants 
further investigation. 
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CHAPTER 5: DISCUSSION 
 
Current Status of Mouse Sperm Cryopreservation 
 Since the first attempts to archive genetically modified mouse lines by cryopreserving 
sperm, the central question for researchers has been how to prevent damaging sperm fertility 
in the process. Much of these efforts went into finding empirical solutions for cryopreserving 
B6/J sperm that retained fertilization ability and allowed archive [1, 2].  In the last few years, 
researchers have adapted cryopreservation protocols from other cell types [3] and other 
species [4] to create empirical protocols that work for B6/J sperm. The recently published 
method achieves a fertilization rate of over 80%, improved from less than 10%, by 
combining many advances into a single protocol [4]. This approach combines adding GSH to 
the media [5], replacing BSA with CD [4], using TYH media for sperm capacitation [6], and 
adding glutamine to the cryopreservation media [7]. When these techniques combined there 
is little room left for improvement of B6/J IVF rates, shifting the focus of research in the 
field.  
Despite the dramatic progress in improving IVF rates, the fundamental biological 
questions of “why do B6/J sperm lose IVF ability after cryopreservation?” and “how do these 
protocols work to prevent loss of IVF rate?” remained largely unanswered. One of the 
primary goals of this dissertation was to answer the biological questions surrounding 
cryopreserving B6/J sperm. These answers may allow the dramatic advances in this small 
field to be intelligently translated in to other biological contexts. The analyses of IVF,
 123 
sperm function, oxidative stress, intracellular calcium, media substrate composition, and 
genetically similar mouse strains of this dissertation, were able to define the pathogenesis of 
reduction of IVF in cryopreserved B6/J sperm.  
 Impairment of IVF of B6/J sperm appears to begin with influx of intracellular 
calcium after cryopreservation to higher levels than B6129XF1. Our data suggest that 
elevation of intracellular calcium stimulates mitochondrial H2O2 production, in a manner 
dependent on the presence of mitochondrial metabolic substrates. Elevated pre and post-
cryopreservation mitochondrial H2O2 levels are associated with deletion of the Nnt gene in 
B6/J mice. Nnt is a mitochondrial membrane protein involved in antioxidant recycling, and 
its deletion has been shown to sensitize B6/J sperm to mitochondrial oxidative stress in other 
biological contexts [8, 9]. The otherwise genetically similar B6/N mouse does not possess the 
deletion [8, 10], and displays much lower mitochondrial H2O2 levels before and after 
cryopreservation. Transgenic B6/J mouse lines with Nnt reintroduced into the genome do 
exist, and examining IVF and mitochondrial H2O2 production after cryopreservation of these 
sperm would be able to confirm or deny this hypothesis. 
 H2O2 is a stable membrane-permeable ROS, and thus able to diffuse from the 
mitochondria in the sperm midpiece to the membranes of the sperm head. Sperm membranes 
have high polyunsaturated fatty acid content rendering them vulnerable to lipid peroxidation, 
which impairs membrane fluidity [11]. Lipid peroxidation on the sperm head prevents 
efficient acrosome reaction in the cumulus-cell matrix surrounding the oocyte. Inefficient 
acrosome reaction was associated with high zona pellucida binding and poor IVF rates in our 
data. This implicates inhibition of acrosome reaction in the inability of B6/J sperm to 
penetrate the zona pellucida of the oocyte. 
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This dissertation showed how recently developed protocols utilizing antioxidants, 
CD, or reduced calcium media affect some aspects cryopreservation-induced damage. 
Reducing HTF calcium intervenes at the top of this pathway by preventing stimulation of 
mitochondrial H2O2 production. However, calcium concentration of HTF must be carefully 
adjusted. HTF lacking calcium prevented upregulation of mitochondrial H2O2, but did not 
support capacitation-dependent sperm motility or increase IVF. Antioxidants mitigate 
reductions in IVF by reducing mitochondrial H2O2 and sperm head lipid peroxidation, and 
improving acrosome reaction.  
The mechanism by which CD in improves IVF rates of cryopreserved B6/J sperm is 
more complex. Unlike antioxidants, CD exacerbated mitochondrial H2O2 production, and did 
not reduce lipid peroxidation of cryopreserved B6/J sperm. CD did, however, facilitate 
acrosome reaction and improved IVF in the presence of oxidative stress. CD has been shown 
to remove membrane cholesterol via a non-physiological mechanism dissimilar form albumin 
[12, 13]. The high affinity interaction between CD and membrane sterols may allow sterol 
efflux despite crosslinking of membrane lipid groups due to peroxidation. Acrosome reaction 
requires migration of lipid raft domains mediated by cholesterol efflux [13]. CD may allow 
proper lipid raft redistribution necessary for acrosome reaction in peroxidized membranes as 
well. 
 We also indirectly compared IVF of cryopreserved B6/J sperm capacitated by CD in 
TYH media rather than HTF, which had previously only been shown for B6/N cryopreserved 
sperm [6], and supported the prevailing view of the field the TYH results in higher IVF rates. 
We additionally provided data in support of the hypothesis that the increase in IVF rates in 
TYH medium is due to its energetic substrate composition and concentrations, which induces 
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capacitation-dependent motility of cryopreserved B6/J sperm more effectively than HTF. 
TYH media lacks lactate, but contains greater concentrations of glucose and pyruvate [14]. 
When the concentrations of lactate, pyruvate, and glucose of HTF were altered to resemble 
TYH media, IVF rates and capacitation-dependent motility increased to levels similar to 
TYH. This substrate makeup and CD each improve an aspect of sperm function necessary for 
zona pellucida penetration, capacitation-dependent motility and acrosome reaction 
respectively, without apparently reducing oxidative stress. This dichotomy supports an 
interpretation that there are two ways to improve IVF of cryopreserved B6/J sperm: by 
alleviating oxidative damage or improving sperm function in the presence of oxidative 
damage. This theory could be further investigated with a more thorough examination of 
sperm capacitation and oxidative stress in TYH or HTF altered to resemble TYH with CD. 
These investigations could also be extended to the full protocol of Takeo et al. by including 
GSH in the media, and may help to further define the role of each protocol alteration in 
improved IVF.  
Most recent studies of cryopreserved mouse sperm have focused solely on B6/J mice, 
and the similarity of other strains with reduced IVF after cryopreservation had not been 
thoroughly examined. This dissertation demonstrated some mechanisms of loss of IVF are 
shared among strains, but some are unique to B6/J. One commonality found among all mouse 
strains with impaired IVF after cryopreservation was improvement of IVF and capacitation-
dependent sperm function by CD. CD has been shown to facilitate removal of membrane 
cholesterol from cryopreserved B6/J sperm when albumin is unable to do so [4]. The finding 
that CD improves IVF of B6/N and 129X1 in addition to B6/J, suggests these strains also 
share defective efflux of membrane cholesterol after cryopreservation [4]. The inability to 
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properly efflux membrane cholesterol is consistent with the loss of capacitation-dependent 
sperm function in these strains. Efflux of membrane cholesterol is an essential initiation step 
of capacitation [15, 16]. The effectiveness of CD in improving IVF for all mouse strains 
tested with reduced IVF rates after cryopreservation, suggests that it may be beneficial for 
any mouse strain exhibiting reduced IVF rates after cryopreservation. 
 Increased IVF rate by CD was also associated with a decreased membrane lipid 
peroxidation outside of the sperm midpiece in B6/N and 129X1 cryopreserved sperm. This 
suggests that accumulation of lipid peroxidation in these strains may be due to inability to 
properly remove membrane sterols. Efflux of membrane sterols has recently been shown to 
utilize oxidized sterols intermediaries to facilitate removal [17]. Failure to remove oxidized 
sterols may initiate peroxidation of neighboring lipid groups. Examination of the production 
and efflux of oxidized sterols in these strains could provide interesting insight into sperm 
dysfunction after cryopreservation.  
 
Next Frontiers of Assisted Reproduction for Mice 
 Mouse model repositories now have robust cryopreservation protocols for sperm and 
embryos, begging the question: what techniques should researchers now focus on to facilitate 
management of mouse research resources? There are two areas that are considered frontiers 
for technical development for mouse model repositories. The first is the natural evolution of 
improved cryopreserved mouse sperm quality, robust artificial insemination techniques, and 
the second is to keep up with the changing nature of the mouse models used by researchers, 
assisted reproduction for wild derived mouse lines and those with wild derived genomic 
content. 
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 As fertilization rates of cryopreserved mouse sperm in vitro equal those of unfrozen 
sperm the relevant question becomes: is IVF necessary? Artificial insemination with 
cryopreserved mouse sperm could achieve rederivation of an archived mouse line in a single 
step. With current techniques, female mice must be superovulated and sacrificed, IVF must 
be performed, and embryos must be surgically transferred. All of these tasks are time 
consuming, technically challenging, and therefore expensive. Successful artificial 
insemination of ovulatory female mice of the appropriate background strain may be feasible 
with sperm capacitated in TYH or TYH-like media with GSH and CD. Females would likely 
need to be subsequently mated with vasectomized males to induce pseudo-pregnancy and 
formation of a copulation plug. Technical hurdles that would need optimization include: 
timing of insemination, insemination volume, sperm numbers, and appropriate ovulation-
induction. The use of hormones to superovulate or synchronize ovulation would be 
preferable, but injection of high levels of gonadotropins can interfere with the ability of mice 
to carry pregnancy to term [18]. Artificial insemination protocols do already exist in the 
literature [19, 20]. These are not currently used for cryopreserved sperm, but they would 
serve as excellent technical starting points at achieve rederivation via artificial insemination 
with cryopreserved sperm. 
In the current era of genomics, researchers are maximizing the genetic diversity of 
their mouse tools by utilizing wild-derived strains of mice [21]. Genetically diverse panels of 
mouse strains are becoming popular tools to investigate the genetic basis of any given 
phenotype [22], and many have incorporated wild derived mouse genomes into their makeup 
[23]. Given the great expense and value of these mouse tools they are in need of archive as 
well. Archive of embryos in the diploid state is the only cryopreservation option for these 
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strains due to their unique genetic makeup. However, mouse lines with genomic content 
contributed by wild derived strains have mosaic and unpredictable responses to 
superovulation and IVF (Jane Hoel, personal communication). For strains with poor IVF 
rates, capacitation with CD has preliminarily shown positive results to achieve efficient IVF 
(Jane Hoel, personal communication). Strains responding poorly to conventional 
superovulation techniques may necessitate use of novel ovulation-induction techniques 
created specifically for wild-derived inbred mice [24]. However, the reagents for this 
technique are not commercially available and immunosuppression of surrogate females may 
be necessary for rederviation of these lines as well [24]. Strategies to predict superovulation 
responses of inbred strains with wild-derived genomic content, and commercially available 
reagents for strains responding to superovulation atypically need to be developed to facilitate 
this goal.  
 
Translational Implications of the Effects of Cyclodextrin on Cryopreserved Mouse 
Sperm 
 The phenotype observed in mouse sperm associated with improved IVF by CD is 
similar to what is seen in cryopreserved sperm of many other species.  Accumulation of lipid 
peroxidation was present in all strains of cryopreserved mouse sperm with reduced IVF, and 
also occurs in cryopreserved sperm from pigs, cows, horses, and humans [25-28]. Our studies 
suggest that cryopreserved sperm from these other species could also benefit from 
capacitation with CD. Cholesterol efflux by CD was initially shown to be beneficial for 
cryopreserved sperm function in pigs [29-32], but CD has subsequently been used in an 
alternate manner in livestock species. Based on the observation that cryopreservation results 
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in reduction of sperm cholesterol in livestock, researchers have instead used CD as a carrier 
molecule to add cholesterol to the sperm membranes prior to cryopreservation [33, 34]. This 
approach has increased sperm survival after cryopreservation, but also results in reduced or 
unaltered sperm fertility [35]. Equine and bovine sperm also acrosome reacted less readily 
after cholesterol loading than before cryopreservation [35]. The shared phenotype with 
cryopreserved mouse sperm with lipid peroxidation and inhibited acrosome reaction, suggest 
that the fertility of livestock sperm may also benefit from use of CD to efflux cholesterol 
after cryopreservation. Utilizing cholesterol loading prior to cryopreservation and CD to 
efflux cholesterol after cryopreservation may achieve the fertility gains researchers seek.  
 The reductions in IVF caused by inhibition of capacitation-dependent sperm function 
observed in cryopreserved mouse sperm contrasts to a popular belief that a “cryo-
capacitation” damages sperm fertility after cryopreservation [36, 37]. Mouse sperm have 
been included in the phenomenon of cryo-capacitation due to publications in which sperm 
chlortetracycline fluorescence and oocyte-penetration kinetics appeared like capacitated 
sperm after brief cooling [38, 39]. Our data and other recent works showing that 
cryopreserved B6/J sperm benefit from capacitation prior to IVF [3, 4] strongly discount the 
notion that mouse sperm are capacitated by cryopreservation. Documentation of the cryo-
capacitation phenomenon in mouse and other species is largely based on chlortetracycline 
fluorescence assays [36, 37], but the biological basis of this assay is unclear. 
Chlortetracycline is thought to bind calcium, and may be simply reflecting changes in 
intracellular calcium after cryopreservation [36, 37].  
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Modulation of Intracellular Calcium To Prevent Mitochondrial ROS Production of 
Cryopreserved Sperm 
 Our experiments examining oxidative stress in cryopreserved mouse sperm 
documented increased mitochondrial H2O2 in several mouse strains. Our subsequent 
experiments demonstrated that elevation of intracellular calcium after cryopreservation 
stimulates mitochondrial H2O2 production, and confirmed this relationship in freshly 
collected mouse sperm. Intracellular calcium had previously been connected to ROS 
production during visible light irradiation of mouse sperm [40] and ionophore treatment of 
human sperm [41], but never within the context of cryopreservation. 
Oxidative stress in cryopreserved sperm resulting in reduced sperm quality has been 
documented in many species [42-48], but the cause of the phenomena has remained unclear. 
One series of papers has attributed increased ROS production in cryopreserved sperm to 
exposure to aniosmotic conditions [49, 50]. These publications simulated cryopreservation by 
exposure of sperm to hyper and hypo-osmotic conditions, but the studies did not directly 
examine their hypothesis during cryopreservation.  Furthermore, these hypotheses for 
increased ROS production after cryopreservation are not mutually exclusive. Calcium is 
thought to influx after cryopreservation due to membrane disorganization and loss of 
selective ion permeability [51-54], and this could also occur during the membrane stretching 
during exposure to aniosmolar conditions.  
These experiments indicate a means to alter or prevent oxidative stress in 
cryopreserved sperm. It may be possible to prevent ROS production and increase the fertility 
of cryopreserved sperm from many species by modulating calcium content of 
cryopreservation or capacitation media. Previously a weak yet significant correlation has 
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been observed between intracellular calcium levels and in vivo fertility of cryopreserved 
bovine sperm [55], but this was not followed up with manipulation of intracellular calcium 
levels. Alteration of intracellular calcium levels represents a novel means to improve 
cryopreserved sperm quality, and may enable sperm cryopreservation where it is currently 
not an option. 
  
What can B6/J mice teach us about male factor infertility patients? 
The purpose of deciphering how B6/J sperm lose IVF ability after cryopreservation, 
in addition to informing intelligent protocol design, is to be able to identify other pathologies 
that may benefit from the approaches that are efficacious for cryopreserved B6/J sperm. 
Emerging characterization of the pathogenesis of idiopathic male factor infertility bears 
many resemblances to cryopreserved B6/J sperm. Male factor infertility patients have a 
higher proportion of sperm going through an apoptosis-like process, thought to be mediated 
by high levels of ROS produced by sperm mitochondria [56, 57]. Defective human sperm 
populations also have higher indices of lipid peroxidation [58], and oxidative DNA damage 
[59, 60]. Attempts to mitigate oxidative stress in male factor infertility patients have focused 
on systemic antioxidant supplementation [61]. These studies have generally reported modest 
positive results, but their interpretation is hampered by the inconsistency in antioxidant 
administered, dosages, and duration of treatment [61].  
Our experiments, however, cannot inform in vivo treatment of oxidative stress, but 
can suggest practical in vitro solutions for managing mitochondrial ROS production. Our 
studies indicate the addition of antioxidants, in particular GSH, to IVF media may improve 
fertilization rates of male factor infertility patients. Antioxidants have shown beneficial 
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effects when added to the media used to process human sperm [62-64], but to our knowledge 
no studies utilizing antioxidants during IVF are present in the literature. Male factor 
infertility patients typically undergo intracytoplasmic sperm injection, but this technique can 
transmit paternal DNA damage to the embryo and offspring [65, 66]. Efficient conventional 
insemination IVF or intrauterine insemination may result in higher quality embryos by 
allowing sperm selection to prevent sperm with damaged DNA from fertilizing. 
Our experiments indicating elevated intracellular calcium stimulates mitochondrial 
ROS generation of cryopreserved B6/J sperm, suggest that this relationship may also exist in 
defective human sperm. It is certainly a plausible and testable hypothesis that the apoptotic 
cascade of human sperm is initiated by elevated levels of intracellular calcium, perhaps 
associated with defective membrane permeability in these cells. If mitochondrial ROS 
generation were indeed stimulated by intracellular calcium in male factor infertility patients, 
reduced calcium media for sperm preparation and capacitation may improve fertility and 
prevent oxidative DNA damage. 
Our studies also indicate human sperm cryopreservation could benefit from 
supplementation with antioxidants. Cryopreservation of human sperm has been shown to 
create oxidative damage to sperm DNA that can be mitigated by antioxidants [67]. There are 
many reports utilizing antioxidants to cryopreserve human sperm [68-72], and most show 
beneficial effects on sperm quality or function. However the range of antioxidants used is 
broad, and no single compound appears clearly more effective than others. The relative 
effectiveness of human sperm cryopreservation and tremendous expense of testing new 
products for clinical use have likely prevented the introduction of antioxidants into 
commercial preparations of sperm human cryopreservation media. Sensitive human 
 133 
subpopulations including infertility [73] and cancer [74] patients have higher levels of DNA 
damage, potentially exacerbating the effects the cryopreservation for infertility treatment or 
fertility preservation. Incorporation of antioxidants into human sperm cryopreservation media 
is likely going to be beneficial, at least marginally, for all individuals, and may greatly 
benefit susceptible individuals. 
  
Concluding Remarks 
 In this dissertation several biological questions were answered that have arisen from 
successful empirical methods. We explained how IVF protocols utilizing antioxidants 
improve IVF of B6/J mice, and generated data to support a hypothesis for the predisposition 
of B6/J mice to cryopreservation-induced oxidative stress. We identified a means by which 
oxidative stress is created after sperm cryopreservation, thereby creating a new avenue to 
design improved cryopreservation and assisted reproduction procedures. We additionally 
showed that CD and TYH media improve capacitation-dependent sperm function despite 
oxidative stress. This dissertation is an example of how basic research investigating applied 
techniques can yield significant understanding of important biological systems.  
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